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Na vijf jaar komt er een einde aan mijn promotieonderzoek bij de Stamcelbiologie. Deze periode 
is voor mij in veel opzichten erg leerzaam geweest. Nu mag het proefschrift dan wel af zijn, 
het verhaal is nog lang niet uit. Het werk dat wordt besproken in dit boek (en het vele dat er 
niet in staat), heb ik natuurlijk niet alleen kunnen doen. Om te beginnen is goede begeleiding 
belangrijk voor een promovendus en zonder de hulp van Gerald de Haan had dit proefschrift niet 
de huidige vorm aan kunnen nemen. Gerald, je hebt me veel vrijheid en vertrouwen gegeven tijdens 
mijn onderzoek. Onze besprekingen waren interessant, leerzaam en vaak oneindig. Je hebt een 
bijzondere manier om mensen te inspireren. Het was goed om je ontwikkeling tot hoogleraar mee 
te maken en ik vind het geweldig dat jij mijn promotor kunt zijn. Mijn waardering gaat ook uit naar 
mijn andere promotor, Edo Vellenga. Het is altijd goed om eens van een ander gezichtspunt naar je 
onderzoeksresultaten te kijken en vaak kwam deze blik van Edo die goede commentaren gaf, onder 
andere tijdens onze gezamenlijke werkbesprekingen met de Hematologie en de Kinderoncologie. 
De leden van de beoordelingscommissie, Harrie Kampinga, Elaine Dzierzak en Gary Van Zant, wil 
ik hartelijk bedanken voor het kritisch doornemen en beoordelen van mijn manuscript.
Naast de ofﬁciële gebeurtenissen en personen die de promotie tot een feit maken, is de omgeving 
waarin het proefschrift tot stand is gekomen een belangrijke factor. De Stamcelbiologie is een 
gezellige groep en tijdens mijn promotieonderzoek heb ik de groep gestaag zien groeien. Ik wil 
graag iedereen bedanken voor alle hulp en de gezellige tijd die ik heb gehad. Bert, onze vele en 
gezellige uren, meestal bij de dieren, zal ik niet snel vergeten. De overtocht naar het CDL bleek niet 
geheel zonder gevaren te zijn en hierin zagen we elke keer weer een uitdaging. Ellen, die het vaak 
druk had, maar gelukkig altijd de tijd vond om te helpen. Lenja en Joyce, mijn kamergenoten, met 
wie ik alle overwinningen, teleurstellingen en frustraties kon delen. Piet, Stella, Bertien, Ronald, 
Anita, Sandra, Willy, Isabelle, Kyrjon en iedereen die voor korte of langere tijd bij ons op het lab 
was, bedankt voor jullie hulp, advies, de gezellige uren in de ﬂowkast, achter de microscoop en 
buiten de muren van het lab. Alice, veel succes met het vervolg! Daarnaast heb ik ook erg veel hulp 
gehad van de stagiaires José, Sita en Aletta. Mede dankzij hen is het hoofdstuk 6 een feit geworden. 
Heel erg bedankt voor jullie inzet en gezelligheid tijdens de soms lange dagen. Het resultaat mag 
er zeker zijn, zoals te lezen is in ‘jullie’ hoofdstuk. Verder wil ik iedereen van de Straling en Stress 
Celbiologie bedanken voor de prettige tijden op het lab en ook daarbuiten. Annet, bedankt voor al 
die keren dat er weer iets geregeld moest worden met speciale post en alle andere kleine dingen 




Buitenlandse inbreng voor het project kwam onder andere van Markus en Ingo uit Leipzig. De 
besprekingen in Hannover en de vele telefoongesprekken die we hadden, hebben hun vruchten 
afgeworpen. Verder ontmoette ik Gary vaak op congres en hadden we boeiende gesprekken. Tijdens 
mijn promotieonderzoek kreeg ik de kans om een kort project te doen op het Terry Fox Laboratory 
in Vancouver. Dit was echt een ervaring om nooit meer te vergeten. Ik heb een geweldige tijd 
gehad, zowel op het lab als ook daarbuiten. Hiervoor wil ik Peter en Irma en de rest van het TFL 
heel erg bedanken.
Dat ook ondersteunend personeel belangrijk is voor wetenschappelijk onderzoek blijkt wel uit 
de steun die ik heb gekregen van Gerry. Jij was altijd bereid om te helpen met wat dan ook en ik 
kon met al mijn vragen altijd bij je terecht. Veel van de experimenten in dit proefschrift hadden 
niet tot stand kunnen komen zonder de hulp van Geert en Henk. Bedankt voor alle celsorteringen 
en de gezellige tijd tijdens het soms lange wachten. Mijn dieren waren in goede handen bij de 
dierverzorgers van het CDL en ik wil ze graag bedanken voor alle goede zorgen. Jan zorgde er 
altijd voor dat alle materialen om onderzoek te kunnen doen werden besteld en afgeleverd, zodat 
er weer doorgewerkt kon worden.
Het onderzoek heb ik met veel plezier gedaan. Naast werken was er ook tijd voor ontspanning en 
dit lukte altijd uitstekend met (schoon)familie en vrienden, dichtbij en ver weg, die me door dik en 
dun hebben gesteund. Samen met de biologiemeiden werden, onder het genot van lekker eten en 
drinken, alle denkbare onderwerpen besproken en werd de nodige stoom afgeblazen.
Lieve pap en mam, bedankt dat jullie altijd achter me staan in de keuzes die ik maak. Jullie steun is 
onmisbaar. Lieve Edo-Jan, de manier waarop jij in het leven staat is bewonderenswaardig. Ik ben 
dankbaar voor alle momenten die we samen mogen delen.
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Scope of this thesis
Hematopoietic stem cells (HSCs) produce and maintain multiple populations of highly differentiated 
blood cell types. Since differentiated blood cells have a limited life span, HSCs have to sustain 
life long production of these cells, but simultaneously they must be able to maintain the stem 
cell pool by self-renewal divisions. These two processes are tightly balanced, since excessive 
self-renewal may initiate cancer, and increased differentiation ultimately may lead to premature 
exhaustion of the stem cell pool. Furthermore, HSCs are believed to be subject to aging, resulting 
in decreased stem cell potential. The mechanisms by which these processes occur and are regulated 
are imprecisely understood. This thesis will focus on the genetic regulation of HSC self-renewal 
and aging. Chapter 1 provides a conceptual overview on how cellular aging might be regulated by 
DNA damage, telomere shortening, and modulation of the chromatin structure, which inﬂuences 
transcriptional activity. We speculate how epigenetic modiﬁcations can be important during cellular 
aging, which may ultimately also affect organismal aging.
To study the regulation of HSC aging experimentally, we used two inbred mouse strains that are 
known to differ in stem cell aging characteristics, DBA/2 (D2) and C57BL/6 (B6). D2 mice have 
a large stem cell pool that decreases upon aging. Hematopoietic progenitor cells in this mouse 
strain show high cycling activity. In contrast, B6 mice have a smaller stem cell pool that shows 
no loss during aging. Progenitor cells in B6 mice display a lower cycling activity than that in D2. 
Interestingly, D2 mice have a shorter life span than B6 mice. In Chapter 2 we studied whether 
HSC aging patterns are indeed intrinsically regulated. HSCs isolated from fetal livers of D2 and 
B6 mice were mixed and co-transplanted in lethally irradiated BDF1 recipients. At different time 
points after transplantation, the contribution to hematopoiesis of these two HSC population was 
determined, as well as the cycling activity of the progenitors.
The stem cell differences between D2 and B6 mice were further studied in Chapter 3, using the 
same transplantation model as in Chapter 2. Here we wished to elucidate whether a mathematical 
model can explain the differences in stem cell characteristics and cellular aging between D2 and 
B6 mice. Speciﬁcally, we explored whether during cellular aging stem cell characteristics change 
or whether cellular aging is an established program without changing stem cell characteristics.
To quantify the number of population doublings HSCs are able to undergo, we enforced HSCs 
to self-renew and differentiate using serial transplantation of unfractionated bone marrow cells 
or puriﬁed HSCs. These experiments were performed in both D2 and B6 mouse strains to assess 
the extent to which the genetic component regulates HSC aging. Furthermore, we studied to what 
extent HSC aging is present during normal aging. These experiments are described in Chapter 4.
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It has previously been suggested that the cyclin dependent kinase inhibitor p21 plays a role in 
HSC self-renewal, since stem cells derived from p21 mutant mice showed accelerated aging and 
were more sensitive to the cytostatic drug 5-FU. Actually, the phenotype of the p21 deﬁcient mice 
appeared to resemble that of D2 mice. To assess to what extent the p21 deletion accounts for HSC 
aging, we generated B6p21-/- mice and studied HSC characteristics (Chapter 5).
To gain further insight in the genetic regulation of HSC aging we screened for genes that were 
differentially expressed in young and senescent cells. In this screen we found that the gene 
Enhancer of zeste homolog 2 (Ezh2) was highly expressed in young cells and downregulated 
upon senescence. Ezh2 is a Polycomb group gene that modulates chromatin structure and acts as a 
transcriptional repressor. We studied the effect of retroviral overexpression of Ezh2 on the process 
of cellular senescence in HSCs, and in an in vitro model using mouse embryonic ﬁbroblasts. The 
potential importance of Ezh2 in HSC self-renewal is described in Chapter 6. Furthermore, we tried 
to identify potential partner or target stem cell genes of Ezh2, to gain insight in the genetic network 
underlying the process of aging.
Finally, the data obtained in the previous chapters are summarized and brieﬂy discussed in Chapter 
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Hematopoietic stem cells (HSCs) balance self-renewal and differentiation in order to sustain 
lifelong blood production and simultaneously maintain the HSC pool. However, there is clear 
evidence that HSCs are subject to quantitative and qualitative exhaustion. In this review, we brieﬂy 
discuss several known aspects of the stem cell aging process, including DNA damage, telomere 
shortening, and oxidative stress. Besides these known players there is increasing evidence that 
higher order chromatin structure, largely deﬁned by the histone code and affecting transcriptional 
activity, is important. A model is suggested how epigenetic regulation of gene transcription 
by modulation of the chromatin structure in stem cells can account for regulation of the aging 
program.
 
Stem cells and aging
Every embryonic and adult stem cell is capable of both self-renewal and differentiation. Through 
the poorly understood process of asymmetric partition of cellular constituents, a single cell division 
can result in the formation of both a newly formed stem cell and a more differentiated progenitor 
cell1. Differentiation often interfaces with proliferation, enabling a single stem cell to produce 
enormous numbers of fully differentiated, post-mitotic, tissue-speciﬁc end cells. For example, few 
hematopoietic stem cells (only accounting for <0.05% of the total bone marrow cells) produce 
billions of blood cells each day2-9. All differentiated cells have a limited life span. This life span 
may range from several hours (neutrophilic granulocytes, epithelial cells in the small intestines), 
multiple days (platelets, red blood cells, skin keratinocytes), to many years (lymphocyte subsets). 
The ﬁnite life span of somatic cells and their consequential loss is compensated for through the 
production of new cells by stem cells. Evolutionary more simple organisms, such as C. elegans and 
D. melanogaster, are (almost) exclusively post-mitotic, and are not believed to contain somatic 
stem cells. The life span of these species is largely accounted for by the collective life span of 
all (most) of its individual cells. It is tempting to speculate that acquisition of adult stem cells 
during evolution has resulted in a major extension of organismal life span. Along these lines, it 
is reasonable to argue that the sole function of adult stem cells is to rejuvenate aged tissue. Let 
us ﬁrst deﬁne the process of aging as we will discuss it in this review. We propose that aging 
must be a continuous process that already starts in utero. After the second cell division of the 
zygote there is commitment of both daughter cells to develop into certain lineages. Already at this 
early stage in life there is loss of cell potential. In the context of this work we deﬁne aging as the 
gradual loss of cell potential. We will focus our discussion on the hematopoietic stem cell system, 
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as this model is best understood and amenable to careful experimental perturbation. Importantly, 
however, we believe that molecular mechanisms that specify HSC aging are also operating in other 
cell systems.
 
Hematopoietic stem cells and aging
Hematopoietic stem cells (HSCs) reside in the bone marrow (BM) and provide lifelong production 
of progenitors and peripheral blood cells. Simultaneously, HSCs must be able to maintain the stem 
cell pool by self-renewal divisions. In stem cell homeostasis a delicate balance exists between 
self-renewal and terminal differentiation, since excessive self-renewal may initiate cancer (i.e., 
leukemia), and increased differentiation ultimately may lead to premature exhaustion of the 
stem cell pool. It is likely that during replicative stress (which can be experimentally induced 
by serial transplantation, but may also result from normal aging) this balance weighs in favor of 
terminal differentiation, resulting in exhaustion of the HSC pool. An array of different assays are 
developed to assess stem cell potential, multiple of which should be used in order to claim true 
stem cell activity10,11. Under normal conditions the hematopoietic stem cell pool is large enough 
to provide an organism with a sufﬁcient number of committed progenitors to ensure homeostasis, 
even after serious bleeding or chemotherapy. Old people, or mice for that matter, typically do not 
die because they run out of HSCs. This suggests that the hematopoietic stem cell compartment 
does not substantially deteriorate during aging. In contrast, it has been speculated that stem cell 
quality decreases with each self-renewal division12. This model suggested that during serial 
transplantation and repetitive rounds of chemotherapy, but also during normal aging, stem cell 
quality deteriorates.
Most studies addressing the issue of HSC aging have used serial transplantations. The transplanted 
cell population must provide radioprotection to rescue the lethally irradiated recipient and 
must be able to provide permanent long-term engraftment. Upon serial transplantation, 
HSCs undergo replicative stress and are in this way challenged to rescue lethally irradiated 
recipients, providing them with sufﬁcient HSCs and multilineage reconstitution. It is argued 
that the replicative stress HSCs undergo with each serial transplantation induces accelerated 
loss of stem cell potential (aging). It has been documented that HSCs can outlive their original 
donor upon repeated serial transplantation in lethally irradiated recipients13. However, multiple 
studies have shown that serial transplantations can only be carried out for a restricted number 
of passages, suggesting stem cell exhaustion13-22. In addition, functional decline of HSCs 
increased with repeated serial transfers14,15,18,20,23,24. In a competitive repopulation assay, serially 
transplanted stem cells showed impaired self-renewal, already after the ﬁrst transplantation20,25. 
Cellular memory and hematopoietic stem cell aging
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The competitive repopulation assay is commonly used to test the quality and to calculate the 
quantity of (treated) HSCs compared with freshly isolated HSCs. The two populations are co-
transplanted (competed) in lethally irradiated recipients. At different time points after transplantation 
the contribution of both populations to hematopoiesis is tested, mostly by assessing chimerism 
levels with ﬂowcytometry 6,26. HSCs showed limited self-renewal when either puriﬁed HSCs25,27 
or unfractionated BM cells were used20,21,27. Puriﬁed HSCs are mostly selected based on their cell 
surface markers. Generally, in situations where stem cells are isolated from normal, unperturbed 
mice, there is a good correlation between phenotype and in vivo reconstitution potential. However, 
there is substantial evidence that this stem cell phenotype changes after transplantation and 
other perturbations10,28,29. Our group has shown that during normal hematopoiesis the stem cell 
compartment is subject to aging, since freshly isolated stem cells from young donors were able to 
engraft aged recipients and contribute to multilineage reconstitution27.
An issue that has frequently been addressed is whether stem cell aging is regulated by intrinsic or 
extrinsic factors. Stem cells are associated with stromal cells, which not only provide structural 
support and maintain the position of the stem cells, but also secrete various cytokines30-34. The 
proﬁle of cytokine production changes during aging. Moreover, it has been suggested that early 
after transplantation the old microenvironment plays a more dominant role in determining the 
numbers of various lineages than does the age of the HSC35. Recently it has been shown that 
increasing the number of osteoblasts in the stem cell niche resulted in a parallel increase in the 
number of HSCs36, indicating an important role for the microenvironment in controlling stem 
cell self-renewal and differentiation. In vitro experiments demonstrated that HSC function was 
supported though the Notch pathway. Expression of a constitutively active form of Notch1 in 
murine BM progenitors can lead to increased HSC self-renewal37. In addition, Notch signaling was 
active in HSCs in vivo and downregulated as HSCs differentiated. In concordance, inhibition of 
Notch signaling led to accelerated differentiation of HSCs in vitro and depletion of HSCs in vivo. 
Intact Notch signaling was required for Wnt-mediated maintenance of undifferentiated HSCs38. 
Interestingly, recent studies have identiﬁed the Wnt signaling pathway as a regulator of HSC 
homeostasis39. The recent ﬁndings that osteoblasts are an important regulatory component of the 
HSC microenvironment, and that elements of the Wnt signaling pathway can inﬂuence osteoblast 
frequency, raise the possibility that Wnt signaling may inﬂuence HSC function indirectly through 
the niche40.
If stem cell aging were largely extrinsically regulated one might contemplate studies searching for 
humoral factors that potentially could interfere in this process. However, evidence from mouse 
studies shows that the aging program is largely intrinsically regulated. To assess the genetic 
component regulating stem cell aging, HSCs characteristics have been studied in different inbred 
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mouse strains. It is thought that HSCs of the commonly used C57BL/6 (B6) mice are not subject 
to aging, since stem cell number is increasing upon aging41-43 and they can outlive their original 
donor during serial transplantation13. However, homing properties of B6 HSCs seem to be altered, 
reducing their ability to engraft recipients44. In contrast, aged DBA/2 (D2) mice do show apparent 
exhaustion of the stem cell pool41,45,46. Interestingly, the maximum life span of different inbred 
mouse strains correlates negatively with the percentage progenitors in the S-phase of the cell cycle. 
For example, progenitor cells from long-lived B6 mice have a relatively low cycling activity, 
whereas the stem cell pool increases with age and is relatively small. In contrast, D2 mice have a 
shorter life span than B6 mice, their progenitors show increased cycling activity, and their stem 
cell pool decreases upon aging and is relatively large47. This suggests that rapidly dividing cells 
exhaust faster. These genetic differences with respect to cycling activity and stem cell pool are still 
present when D2 and B6 cells co-exist in the same microenvironment45,46. In addition, differences 
between the D2 and B6 stem cell compartment appear to be pre-determined and do not change 
over time48. This strongly suggests intrinsic regulation of the stem cell aging program. What cell-
intrinsic mechanisms could possibly confer a form of cellular memory to stem cells?
 
Cellular damage and stem cell aging
 
Telomere shortening
Telomeres, the structures protecting chromosome ends, have received much attention as a potential 
trigger to induce replicative senescence. Telomere length is largely maintained by the enzyme 
telomerase. Whereas most somatic stem cells have telomerase activity, this is hardly detectable 
in differentiated cells49. During in vitro proliferation of human ﬁbroblasts, but also during in vivo 
aging, a gradual shortening of the average length of telomeres is observed50,51. Furthermore, it 
has been shown that telomere shortening occurs during serial transplantation of HSCs coinciding 
with impaired functioning52. The most striking evidence of telomere length being important in 
regulating cellular aging comes from studies in which the consequences of telomerase-deﬁciency 
were investigated. In serial and competitive transplantations, telomerase deﬁcient hematopoietic 
stem cells showed reduced long-term repopulating capacity, concomitant with an increase in genetic 
instability compared with wild-type cells53. Normal murine HSCs can be serially transplanted 
four times, but HSCs of telomerase deﬁcient mice can only be transplanted twice54. In contrast, 
HSCs from mTERT transgenic mice, in which telomerase is overexpressed and telomere length is 
preserved, can also only be serially transplanted four times, so other mechanisms must be involved 
in regulating stem cell exhaustion55. In addition, humans suffering from the rare inherited disorder 
dyskeratosis congenita have reduced levels of telomerase activity, resulting from a mutated hTR 
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allele, and shortened telomeres. In these patients, bone marrow failure is the principal cause of 
death56,57. Interestingly, telomere shortening occurs rapidly in cell lines derived from patients that 
suffer from premature aging disorders, like Werner syndrome and ataxia telangiectasia58.
However, it has been suggested that not the telomere length as such, but rather the overall telomere 
structure is important in cellular senescence59. Functional telomere structures help maintain the 
stability of the genome (prevent cancer) and protect cells against telomere-induced apoptosis or 
senescence (postpone aging). On the other hand, dysfunctional telomeres lead to genomic instability, 
which can promote cancer, but also lead to the tumor suppressor mechanisms of apoptosis and 
senescence, which can promote aging60.
DNA damage
Replication of the genome during cell division inevitably results in numerous copy errors, but 
elaborate proofreading and editing mechanisms have evolved to correct these61. The appropriate 
cellular response after detection of DNA damage is an initial attempt at repair, but if damage is 
too extensive or compromises DNA metabolism, a signaling cascade triggers cellular senescence 
or death. Maintenance of DNA integrity is vital to proper functioning of every cell. DNA injury 
may compromise transcription and replication and thereby cause additional mutations, cellular 
senescence or cell death. In several human disorders, such as xeroderma pigmentosum and Werner 
syndrome, inborn errors in the DNA repair machinery have dramatic clinical consequences, 
including tissue speciﬁc cancer predisposition and/or segmental progeria62. Aging-related 
phenotypes in mouse models with genome maintenance defects as well as the most commonly 
described human segmental progeroid syndromes were reviewed by Hasty et al63.
Normal aging might be caused in part by inadequately repaired and thus accumulating DNA 
damage64. Properly functioning DNA maintenance pathways will reduce damage, promote repair, 
or optimize the cellular response to DNA damage to prolong healthy life and delay aging. Actually, 
telomere shortening as discussed earlier can also be considered as a form of DNA damage, which is 
not restored in somatic cells. DNA damage can result in HSC exhaustion as was recently suggested 
by Prasher et al65. Ercc1 (a protein essential in nucleotide excision repair) deﬁcient mice were 
used to examine the effects of DNA repair on the hematopoietic system. Ercc1 mutant mice have 
decreased responses to hematopoietic stress and showed exhaustion of hematopoietic progenitor 
activity, suggesting premature senescence of the HSC and progenitor cell compartment.
DNA damage can be induced by oxidative damage, resulting from free radical production. 
Numerous recent discoveries on both extension of lifespan as well as premature aging in model 
organisms from yeast to mice consistently support a connection between oxidative metabolism, 
stress resistance and aging62. The aging process may therefore be inﬂuenced by energy restriction 
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through a reduction in the metabolic ‘rate of living’, ultimately leading to reduced oxidative damage. 
Increasing life span by prolonged caloric restriction has been demonstrated in yeast, worms, ﬂies, 
ﬁsh, mice and rats66. A large number of long-lived mutants that have been identiﬁed in C. elegans 
and Drosophila resulted from increased resistance to oxidative stress67-69.
Additional evidence for involvement of oxidative damage in regulating cellular life span comes 
from studies that showed that the proliferative lifespan of in vitro cultured cells is extended when 
these are grown in low ambient oxygen, 2-3%, a condition more closely resembling physiologic 
oxygen levels70,71. This increased life span is attributed to a decrease level of reactive oxygen 
species (ROS), resulting in reduced oxidative stress. Conversely, increase of intracellular ROS 
levels through hydrogen peroxide treatment or through the inhibition of ROS scavenging enzymes, 
such as superoxide dismutase Sod1, causes premature senescence72.
Lifelong dietary restriction in mice resulted in increased HSC frequencies and improved HSC 
functional abilities, strongly suggesting delayed hematopoietic senescence and prevention of 
HSC aging73. Furthermore, studies in mice deﬁcient for the ‘ataxia telangiectasia mutated’ (Atm) 
gene showed that the self-renewal capacity of HSCs depends on Atm-mediated inhibition of 
oxidative stress. Atm-deﬁcient mice showed progressive BM failure resulting from a defect in HSC 
function that was associated with elevated ROS. Treatment with anti-oxidative agents restored the 
reconstitutive capacity of Atm-deﬁcient HSC, resulting in prevention of bone marrow failure74. 
Protein damage
Proteins are the basis of all cellular functions such as signal transduction, mitosis, cellular 
transport systems, chaperone activity, etc., and as such it is conceivable that an age-related 
increase in oxidative damage to proteins could have important physiological consequences to an 
organism. Proteins can be modiﬁed by multiple reactions involving ROS. Among these reactions, 
carbonylation has attracted a great deal of attention, due to its irreversible and unrepairable nature. 
It appears that the classical enzymes involved in ROS detoxiﬁcation, that is, superoxide dismutases, 
catalases, and peroxidases, are key members of the cellular defense against protein carbonylation75. 
Oxidative carbonylation has been identiﬁed as one important factor in protein function and 
removal76-78. A large number of studies have shown that protein carbonylation increases with 
age79,80. Normally, carbonylated proteins are marked for proteolysis by the proteasome and speciﬁc 
proteases. However, carbonylated proteins are able to escape degradation and form high molecular 
weight aggregates that accumulate with age. Such carbonylated aggregates can become cytotoxic 
and have been associated with a large number of age-related disorders, including Alzheimer’s 
disease, Parkinson’s disease, and cancer78,81. The asymmetrically dividing yeast S. cerevisiae has 
evolved a Sir2p-dependent system that speciﬁcally retains carbonylated proteins in the mother 
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cell compartment during mitotic cytokinesis82. Thus, the new progeny which, in contrast to the 
mother cell, exhibits a full reproductive potential and starts out with a markedly reduced load of 
damage82. In addition, recent studies on asymmetric division in Drosophila show involvement 
of these processes in the stem cell niche1. It will be of interest to clarify whether segregation of 
damaged proteins is a phenomenon that can also be observed in higher eukaryotes. Speciﬁcally, 
it would be highly interesting to assess its role during stem cell self-renewal or generation of the 
germ cell line. 
 
Cellular memory
During development of multicellular organisms, cells become different from one another by distinct 
use of their genetic program in response to transient stimuli, an example being lineage speciﬁcation 
in hematopoiesis83. Long after such a stimulus has disappeared, cellular memory mechanisms still 
enable cells to “remember” their chosen fate over many cell divisions. This implies that in order to 
grow and maintain a speciﬁc, lineage-restricted state, particular conﬁgurations of gene expression 
need to be transmitted to daughter cells. Such heritable programs that do not involve mutations of 
the DNA are referred to as epigenetic alterations. The chromatin structure and its modiﬁcations play 
a fundamental role in establishment and maintenance of epigenetically controlled developmental 
decisions84.
Nucleosomes, the fundamental structure units of chromatin, are comprised of the core histone 
octamer (H2A, H2B, H3, and H4) and the associated DNA that wraps around these eight histones. 
Although the crystal structure of a nucleosome core particle has provided considerable insight 
into the protein-protein and protein-DNA interactions that govern nucleosome structure85, little is 
known about how distinct functional domains of chromatin are established and maintained86. The 
precise organization of chromatin is critical for many cellular processes, including transcription, 
replication, repair, recombination and chromosome segregation. Dynamic changes in chromatin 
structure are directly inﬂuenced by post-translational modiﬁcations of the amino-terminal tails of 
histones87,88. The packaging of eukaryotic DNA into nucleosomal arrays presents a major obstacle 
to transcription that must be dealt with in order for the transcriptional machinery to access the 
DNA template. The discovery of enzyme complexes dedicated to chromatin remodeling, whether 
by directly modifying histone proteins or by ATP-dependent nucleosomal remodeling complexes, 
has led to new insights into the mechanism of transcription86,89-91. Gene expression is determined 
not only by the availability of combinations of transcription factors, but also by chromatin context. 
Eukaryotic genomes are often conveniently described as transcriptionally active (euchromatin) 
or transcriptionally silent (heterochromatin)92. The existing chromatin structure must be properly 
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passaged (propagated during DNA replication) to daughter cells to provide cells with cellular memory. 
During this process nucleosomes are recognized by proteins that recruit histone deacetylases and 
histone H3-K9 methyltransferases to the adjacent, newly deposited histones. Furthermore, there 
appear to be differences in the timing of DNA replication at active and silent genes, and differences 
in the compartmentalization of active and silent genes within the nucleus93,94.
Two antagonizing groups of proteins, Polycomb (PcG) and trithorax (trxG), are required to maintain 
gene expression patterns of important developmental regulators during cellular proliferation. During 
development TrxG proteins are transcriptional activators, whereas PcG proteins are transcriptional 
repressors, and both are very well conserved during evolution in different species. The PcG and 
TrxG proteins therefore appear to form the molecular basis of cellular memory. The maintenance 
of cellular memory involves dynamic, regulated interactions between the PcG and TrxG proteins 
and their many target genes, via Polycomb response elements (PREs)84. Is there any evidence 
that chromatin remodeling involving PcG or TrxG genes indeed confers memory to stem cells? 
Cellular Memory and Stem Cells
There are two distinct PcG complexes (PcG repressive complex (PRC) 1 and 2) that associate with 
chromatin, but the core complexes do not contain proteins that bind DNA in a sequence speciﬁc 
way. Therefore, they must be recruited to speciﬁc genes by other mechanisms. Currently, it is 
thought that PRC2 is initially recruited to DNA sequences that contain PREs. As PRC2 binds to 
PREs, acetyl groups are removed by histone deacetylases (HDACs), and lysine 27 of histone H3 
will be methylated. This creates a binding site for the chromodomain of Polycomb proteins, and 
subsequent recruitment of PRC1. These PREs are believed to be located within or in the vicinity 
of gene(s) to be silenced95.
The role of selected PcG proteins in stem cell self-renewal has recently been established. Mel-18 
negatively regulates self-renewal of HSCs since its loss leads to an increase of HSCs in G
0
, and 
to enhanced HSC self-renewal96. Mph1/Rae-28 mutant mice are embryonic lethal as HSC activity 
in these animals is not sufﬁcient to maintain hematopoiesis during embryonic development97. 
Bmi-1-/- HSCs derived from fetal liver were not able to contribute to long-term hematopoiesis in 
competitive repopulation experiments, demonstrating cell autonomous impairment of their self-
renewal potential98. In contrast, overexpression of Bmi-1 extends replicative life span of mouse 
and human ﬁbroblasts and causes lymphomas in transgenic mice99. Heterozygosity for a null allele 
of Eed caused marked myelo- and lymphoproliferative defects, indicating a negative regulation 
of cell cycle activity of both lymphoid and myeloid progenitor cells100. Overexpression of Ezh2 
in HSCs preserves stem cell potential and prevents HSC exhaustion after serial transplantation 
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(Chapter 6 of this thesis). It is apparent from these data that PcG proteins are essential for normal 
HSC homeostasis.
TrxG proteins form complexes that are involved in general transcriptional processes and therefore 
their function is not limited to epigenetic maintenance101,102. Four complexes that contain TrxG 
proteins have been puriﬁed from Drosophila embryos, all with different chromatin-modifying 
properties103. Recent data from Drosophila studies indicate that TrxG proteins such as Trx and 
Ash1, rather than being general transcriptional co-activators, speciﬁcally function to prevent 
inappropriate gene silencing mediated by the PcG of transcriptional repressors104. Inappropriately 
expressed TrxG genes seem to be involved in tumor formation105. For example, the mixed lineage 
leukemia gene (MLL1) is involved in 11q23 translocations in acute leukemias106-108. MLL1 was 
recently shown to be a histone 3 Lysine 4-speciﬁc methyltransferase109,110. Studies with Mll mutant 
mice demonstrated an intrinsic requirement for Mll in deﬁnite hematopoiesis, where it is essential 
for the generation of HSCs during embryogenesis111.
Pharmacological agents are available that are able to interfere with DNA methylation and histone 
deacetylation, such as 5aza 2’deoxycytidine (5azaD) and trichostatin A (TSA). 5azaD is a DNA 
hypomethylating agent, wheras TSA acts as a histone deacetylase inhibitor (HDACI). Cultures of 
puriﬁed human HSCs (CD34+) together with growth factors that induced differentiation normally 
result in rapid loss of primitive phenotypic properties and repopulation potential. However, 
when CD34+ cells were cultured with both 5azaD and TSA, expansion of primitive phenotypic 
properties and maintenance of repopulating ability was observed112. These data strongly suggest 
that modulation of the methylation and acetylation patterns by pharmacological drugs can alter 
the fate of primitive HSCs. This also suggests that upon differentiation of HSCs, the chromatin 
structure must change, resulting in different gene expression patterns. Interestingly, when neural 
stem cells (neurospheres) were treated with 5azaD and TSA and transplanted in lethally irradiated 
mice, this yielded long-term multilineage and transplantable neurosphere-derived hematopoietic 
cells, whereas untreated neurospheres did not show any hematopoietic reconstitution113.
Naturally occurring microRNAs (miRNAs) also constitute a powerful route to dynamically silence 
speciﬁc gene expression, so it is conceivable that such mechanisms may induce silencing initiation 
prior to the heterochromatization process that is mediated by histone methyltransferase-mediated 
lysine 9 and 27 histone H3 methylation114. This suggests that RNA interference (RNAi) can also 
function in establishing or maintaining the epigenetic control of gene expression, which is essential 
for mammalian development. Mutations in the RNAi machinery cause abnormal chromosomal 
segregation as a result of disrupting heterochromatin115. It has been suggested that miRNAs might 
function in regulating development and therefore also play a role during cellular aging116. miRNAs 
that are speciﬁcally expressed in hematopoietic cells have already been identiﬁed. These miRNA 
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presumably act by pairing to the mRNAs of their target genes to direct gene silencing processes 
that are critical for hematopoiesis and maybe also for hematopoietic stem cell self-renewal117. 
Cellular Memory and Aging of Stem Cells
How can this ‘cellular memory’ contribute to aging? It was already discussed that PcG proteins 
inﬂuence stem cell self-renewal potential. Recently it was suggested that SIR2, a histone 
deacetylase associates with components of the PRC2 in Drosophila118. Furthermore, it has also been 
suggested earlier that SIR2 is an important player in yeast life span by regulating the localization 
of carbonylated proteins during cell division. In S. cerevisiae SIR2 was originally identiﬁed for its 
silencing activity through the creation of specialized chromatin domains. SIR2 inﬂuences lifespan in 
several organisms, such as yeast, Drosophila, and C. elegans. Whereas SIR2 mutants have a shorter 
lifespan, overexpression of SIR2 leads to longevity. The mammalian homolog of SIR2, Sirt1, is an 
NAD-dependent deacetylase119 and appears to target many proteins, including p53 and forkhead 
proteins, which are not histones, resulting in a higher threshold for apoptosis120. Knocking out Sirt1 
in mice causes embryonic or postnatal death due to severe developmental problems121,122. Since it 
has been suggested that repressive functions of SIR2 (by histone deacetylation) are dependent on 
the PcG genes, and it is known that SIR2 is involved in regulating life span it becomes important 
to test what effect SIR2 has on expression levels of the PcG proteins, which are known for their 
involvement in stem cell self-renewal.
It has been suggested previously that during normal aging heterochromatin structure changes123,124. 
As heterochromatin domains must be regenerated epigenetically each time DNA is repaired 
or replicated, DNA damage and cell division may be the major perturbing factors triggering 
heterochromatin loss. Loss of heterochromatin was therefore suggested to reﬂect the number of 
cell divisions, or cycles of DNA damage and repair, resulting in multiple subtle changes in gene 
expression124. For example, age-related gene reactivation on the silenced X chromosome has been 
observed for several loci125,126.
The heterochromatin island hypothesis postulates that repressive chromatin structures are scattered 
over the genome, reﬂecting the diverse genomic structures in individuals within a species or among 
various species. For instance, even though brain cells and hematopoietic cells contain the same 
DNA sequences, due to transcriptional regulation these cells have their own specialized functions 
and speciﬁc characteristics. This model assumes that dynamic changes in the equilibrium in 
heterochromatin islands, rather than their simple unfolding or loss is the essential driving force of 
cellular aging123.
Others suggest a general open chromatin structure in stem cells, with many options still present 
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(a “promiscuous” beginning). Upon aging or differentiation an increase of heterochromatin can 
be expected, concomitant with a decrease of multilineage potential127. Using gene arrays it has 
been shown that in HSCs more transcripts are present than in committed progenitors. In addition, 
transcripts common to both HSCs and neural stem cells were identiﬁed, raising the possibility of 
extended commonality in the molecular ground states of HSCs and neural stem cells128,129.
It is clear that these epigenetic marks (heritable changes in gene function, without changes in 
DNA sequence) are set throughout embryogenesis and adult life, and that this is an important 
mechanism to guide proper gene transcription. However, it remains unclear to what extent 
heterochromatin structure changes during differentiation and aging. Even though epigenetic marks 
are relatively rigid and stable, we hypothesize that during aging the histone code in stem cells 
gradually is altered, ultimately resulting in impaired functioning. The different hypotheses for 
changes in heterochromatin structure during differentiation, i.e. loss of heterochromatin; gain 
of heterochromatin; re-localization of heterochromatin (Figure 1.1), are probably also processes 
that are important during stem cell aging. According to the ﬁrst hypothesis, aging might result 
from a general loss of heterochromatin, as a consequence of which non-stem cell genes might be 
transcribed. A second model suggests that in stem cells many transcriptional options are available 
and during cellular aging these options are gradually shut down. A third model suggests re-
localization of the heterochromatin structures, also resulting in different gene expression proﬁles. 
Whether and how the heterochromatin structure will alter during stem cell aging will be a new ﬁeld 
to explore. We argue that changes in the heterochromatin structure might lead to inﬁdelity of gene 
transcription, resulting in expression of non-stem cell genes. As a consequence stem cells gradually 






Young stem cells Aged stem cells
 
Figure 1.1. Possible mechanisms of changes in heterochromatin structure during stem cell aging. 
Euchromatin is shown as thin black lines. Changes in heterochromatin (black boxes) distribution must be 
apparent during aging. Because of these changes distinct genes (gray bars) will be transcribed in young and 
old stem cells, some of which are not necessarily stem cell genes. This loss of control over gene expression 
proﬁles could lead to aberrant gene expression. Stem cell aging might result from loss of heterochromatin, a 
gain of heterochromatin, or re-localization of heterochromatin structures, all of which will result in perturbed 
gene expression proﬁles.
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Abstract
Mechanisms that affect the function of primitive hematopoietic stem cells with long term 
proliferative potential remain largely unknown. Here we assessed whether properties of stem 
cells are cell-extrinsically or cell-autonomously regulated. We developed a model in which two 
genetically and phenotypically distinct stem cell populations co-exist in a single animal. Chimeric 
mice were produced by transplanting irradiated B6D2F1 (BDF1) recipients with mixtures of 
DBA/2 (D2) and C57BL/6 (B6) day-14 fetal liver cells. We determined the mobilization potential, 
proliferation and frequency of D2 and B6 stem and progenitor cells in animals with chimeric 
hematopoiesis. After granulocyte colony-stimulating factor (G-CSF) administration peripheral 
blood D2 colony-forming units granulocyte-macrophage (CFU-GM) were fourfold to eightfold 
more numerous than B6 progenitors. We determined that D2 and B6 progenitors maintained their 
genotype-speciﬁc cycling activity in BDF1 recipients. Chimeric marrow was harvested and D2 
and B6 cell populations were separated by ﬂow cytometry. Cobblestone area-forming cell (CAFC) 
analysis of sorted marrow showed that the number of late appearing CAFC subsets within the 
D2 cell population was ~threefold higher than within the B6 fraction. We performed secondary 
transplantation using unfractionated chimeric marrow, which was given in limiting doses to lethally 
irradiated BDF1 recipients. Comparison of the proportion of animals possessing D2 and/or B6 
leukocytes 5 months after transplant revealed that the frequency of D2 LTRA was ~10-fold higher 
than B6 LTRA numbers. Our data demonstrate that genetically distinct stem cell populations, 
coexisting in individual animals, independently maintain their parental phenotypes, indicating that 




Peripheral blood cell numbers are homeostatically maintained within a narrow range to ensure that 
essential physiological processes are carried out effectively. Studies of mice bearing mutant genes 
that encode speciﬁc lineage-restricted growth factors or receptors have conclusively demonstrated 
that the pool size of mature blood cell subsets is regulated by extrinsically acting hematopoietic 
growth factors1-3. Whereas the number of circulating peripheral blood cells is similar among normal 
healthy humans and in most inbred strains of mice, the frequency of primitive hematopoietic stem 
cells varies widely4-7. This suggests that regulatory mechanisms affecting the frequency of stem 
cells in the bone marrow are distinct, and at least partly independent, from those that maintain 
normal levels of mature cells in the blood. Given the expanding diversity of potential clinical 
applications for which hematopoietic stem cells, and indeed also stem cells derived from other 
somatic tissues8-10, can be of use to the patient, the issue as to how stem cell identity is regulated is 
of fundamental importance. Pertinent to the question of which roles stem cells may play in clinical 
applications is the extent to which these cells can be manipulated extrinsically, either in vivo or in 
vitro.
Conceptually, stem cell homeostasis could be achieved by cell-extrinsic or cell-intrinsic mechanisms, 
and these two pathways need not be mutually exclusive. To address this issue, we studied qualitative 
and quantitative competitive repopulation potential of genetically distinct stem cell populations, 
co-existing in a common environment in vivo. This was accomplished by transplanting stem cells 
obtained from fetal livers of gestational day 14 D2 and B6 embryos into lethally irradiated BDF1 
recipients. To avoid “graft-vs-graft” reactions, we elected to use fetal liver, instead of adult bone 
marrow, as a source of stem cells. At this stage of ontogeny, no mature T- and NK-cells are present 
in the fetal liver11, rendering both genetically distinct grafts immunologically compatible. We and 
others have shown that D2 mice have a large stem cell pool with actively cycling progenitors, 
whereas B6 mice have fewer stem cells with slowly proliferating progenitors4,12-14. In addition, 
possibly as a consequence of distinct stem cell pool sizes, D2 progenitor cells are much more 
readily mobilized to the peripheral blood after G-CSF administration than B6 cells5,15. Using a 
variety of in vitro and in vivo techniques, we show that the two stem cell populations maintain their 
parental phenotype within the common environment of the chimera. These data support the notion 
that normal hematopoietic stem cells, not unlike their malignant counterparts16, autonomously 
regulate their own cell number.
 
 





Female B6D2F1OlaHsD and timed pregnant C57BL/6JOlaHsD and DBA/2OlaHsD mice were 
purchased from Harlan, Horst, The Netherlands. BDF1 mice were used as recipients at an age of 
10-12 weeks.
 
Production of fetal liver chimeras
BDF1 mice were lethally irradiated with 9.5 Gy using an IBL 637 Cesium-137 γ source (CIS 
Biointernational, Gif-sur-Yvette, France), 24 hours prior to transplantation. Pregnant B6 and D2 
mice (14 days postcoitus) were sacriﬁced by cervical dislocation and fetal livers were isolated. A 
single cell suspension was prepared by repeated ﬂushing through increasingly thinner needles and 
cell yield was counted using a Coulter Counter (Coulter Electronics, LTD, Dunstable, England). 
BDF1 mice were transplanted with either D2 cells alone (n=4), B6 cells alone (n=4), or a 1:4 
mixture of D2 and B6 cells respectively (n=3). All mice received a total of 2 × 106 cells, injected 
intravenously into the retro-orbital plexus. Fourfold more fetal liver cells from B6 than D2 
were transplanted since we expected D2 fetal liver cells to have superior repopulating potential 
compared to B6 cells, as the frequency of primitive stem cell subsets in the fetal liver of D2 mice 
is signiﬁcantly higher17.
 
Determination of peripheral blood cell chimerism using ﬂow 
cytometry
At various times after transplantation, approximately 50 μl blood was drawn from the retro-orbital 
plexus of each mouse and erythrocytes were lysed by hypotonic shock (0.16 M NH
4
Cl, 1.0 × 10-4 
M EDTA, 0.017 M NaCl, 5 minutes at room temperature). Leukocytes were washed and stained 
with ﬂuorescein isothiocyanate (FITC)-labeled anti H-2Kd-antibody (Pharmingen, San Diego, 
CA, USA), and biotinylated anti H-2Kb (clone B8-24-3, a gift from Dr. S.J. Szilvassy). Cells 
were incubated for 40 minutes at 4°C, washed twice and subsequently incubated an additional 
40 minutes at 4°C with Streptavidin-phycoerythrin (Str-PE) (Pharmingen, San Diego, CA, USA). 
After washing, cells were ﬁnally resuspended in 200 μl phosphate-buffered saline (PBS) + 2% 
fetal calf serum (FCS). Two-color analysis (FACSCalibur, Becton Dickinson, Palo Alto, CA) was 
performed to assess the percentages of leukocytes derived from D2, B6, and BDF1. D2 cells are 
H-2Kd+ whereas B6 cells are H-2Kb+. BDF1 cells possess both H-2K isotypes allowing accurate 




Progenitor mobilization with SD/01
All transplanted mice, including four additional mice of each parental strain, received a single 
subcutaneous injection of 25 μg polyethyleneglycol-conjugated recombinant human G-CSF (PEG-
G-CSF, referred to as Sustained Duration/01, kindly provided by Amgen Inc., Thousand Oaks, CA) 
dissolved in 200 μl PBS with 2% FCS. SD/01 has been demonstrated to potently mobilize stem 
and progenitor cells from the bone marrow to the blood18. Progenitor cells were harvested from 
the peripheral blood three days after administration of SD/01, a timepoint coinciding with peak 
increase in progenitor cell numbers in the blood18.
 
Hydroxyurea suicide technique
To measure the number of cells in S-phase, the fraction of cells killed by a 1-hour incubation with 
hydroxyurea (Sigma, St. Louis, MO, 200 μg/ml) was determined as we have reported before4. Bone 
marrow cells were obtained from anesthesized mice by inserting a 30G needle into the knee joint19. 
30 µl of medium was ﬁrst injected into the marrow cavity and cells were subsequently aspirated. 
The average yield of these aspirates was ~1 × 106 cells. Cell suspensions were diluted to a volume 
of 1 ml, and divided in two samples. Hydroxyurea was added to one sample, and incubated with the 
control sample for 1 hour. at 37 ˚ C. Both cell suspensions were then washed, and CFU-GM cultures 
were initiated. The fraction of cells killed by hydroxyurea was calculated and was considered to 
reﬂect the percentage of cells in S-phase.
CFU-GM culture assay
CFU-GM were determined using standard methylcellulose cultures (0.8% methylcellulose, 30% 
FCS in alpha medium). Cultures, supplemented with 10 ng/ml recombinant mouse GM-CSF 
(Behringwerke, Marburg, Germany) and 100 ng/ml recombinant rat PEG-SCF (Amgen), were 
inoculated with 5-15 μl of whole heparinized blood/ml. Colonies were cultured at 37°C and 5% 
CO
2
 and scored after 6 days.
Genotyping individual CFU-GM colonies
To genotype individual CFU-GM, colonies were picked from the culture using a micropipet 
and suspended in 100 μl PBS. Cells were washed and the pellet was resuspended in 10 μl DNA 
isolation buffer (50 mM KCl, 1.5 mM MgCl
2
, 10 mM Tris HCl, pH 8.5, 0.01% gelatin [Sigma, 
St.Louis, MO], 0.45% Igepal [Sigma], 0.45 %Tween 20 [Sigma], and 100 μg/ml proteinase K 
[Gibco-BRL]) to release DNA from the cells. Samples were incubated at 55°C for two hours and 
subsequently at 95°C for 15 minutes to inactivate proteinase K. Samples were stored at -20°C 
until use in PCR. The genotype of each colony was veriﬁed using primers (MapPairs, Research 
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Genetics Inc., Huntsville, AL) that amplify the simple sequence length polymorphism D14Mit266; 
the D2 allele of this microsatellite is 180 bp and the B6 allele is 148 bp. A 10 μl PCR reaction was 
performed according to the protocol provided by the manufacturer using a Perkin Elmer GeneAmp 
PCR System 9700 (PerkinElmer Corp., Norwalk, CT). Ampliﬁed DNA was resolved on a 3.5% 
ethidium bromide-stained agarose gel. 
Sorting of D2 and B6 bone marrow cells from chimeric mice
Twenty weeks after transplantation chimeric mice were sacriﬁced and bone marrow cells were 
isolated from both femurs. After staining total bone marrow cells with anti-H-2Kb and anti-H-2Kd 
antibodies as described, B6 and D2 cell populations were separated using a MoFlo ﬂow cytometer 
(Cytomation, Ft. Collins, CO). D2 and B6 cell populations were collected and separate cobblestone 
area-forming cell (CAFC) assays were performed on both samples.
Cobblestone area-forming cell assay
Stem cell activity was assessed using in vitro limiting dilution type long-term bone marrow cultures. 
The cobblestone area-forming cell assay was performed as described previously4. For each of the 
six cell dilutions used, 20 replicate wells were tested. Early appearing CAFC day-7 correspond to 
relatively committed progenitor cells, whereas late appearing CAFC day-35 reﬂect more primitive 
cell subsets20. CAFC frequencies were calculated using maximum likelihood analysis21.
Secondary transplantation
Twenty weeks after the initial fetal liver stem cell transplantation, a single chimeric mouse was 
sacriﬁced by cervical dislocation. Cells were isolated from both femurs and transplanted in limited 
dilution into a new cohort of lethally irradiated BDF1 recipients. Recipients (5 per group) received 
2.0 × 106, 1.0 × 106, 0.5 × 106 or 0.2 × 106 chimera-derived bone marrow cells. Engraftment of B6 
and D2 leukocytes was assessed using H-2K phenotyping. Using Poisson statistics the proportion 
of secondary recipient animals that showed B6 or D2 leukocytes 12 weeks after transplantation 





Development of radiation chimeras
Chimeric mice were produced by transplanting D2, B6, or a mixture of D2 and B6, fetal liver cells 
in lethally irradiated BDF1 recipients. To ascertain that genotype-restricted hybrid resistance, (i.e. 
preferential rejection of donor cells of either parent by the F1 recipient) did not bias our results 
we included two groups of recipients that received only D2 cells or only B6 cells (2 × 106 cells). 
Chimeric mice were created by transplanting 0.4 × 106 D2 fetal liver cells, mixed with 1.6 × 106 
B6 fetal liver cells. A 1:4 ratio of D2 vs B6 cells was used because we expected D2 cells to have 
a better repopulating ability22 and because we had previously demonstrated that the frequency of 
primitive cells in the D2 fetal liver is ~threefold higher than in the B6 liver17. The dot plot shown 
in Figure 2.1 demonstrates that all three cell populations derived from B6, D2 and BDF1 stem cells 
can easily be distinguished. Figure 2.2 shows the contribution of stem cells from each genotype 
to the total leukocyte pool. Panel A depicts chimerism after injection of 2 × 106 D2 fetal liver 
cells. After 2 months almost all leukocytes (>95%) originated from donor stem cells, whereas 
only a few cells were host-derived. Similarly, leukocyte reconstitution in BDF1 mice injected 
with 2 × 106 B6 cells was almost entirely of B6 origin (Panel B). Importantly, no differences in 
either engraftment kinetics or engraftment level were observed between these two cell sources, 
demonstrating that there was no preferential rejection by BDF1 recipients of stem cells of either 
B6 or D2 genotype. Panel C shows engraftment kinetics in recipients transplanted with mixed 
D2/B6 stem cells. Although mice received fourfold more B6 fetal liver cells, D2 peripheral blood 
leukocytes were twofold to threefold more abundant than B6 leukocytes for the ﬁrst 100 days after 
transplant. This indicates that D2 fetal liver cells have an eightfold to 12-fold higher repopulating 
potential compared to B6 cells. However, it should be noted that D2 reconstitution decreased with 
time, and B6 leukocytes became more prominent at later timepoints after transplant. This has also 
been observed in B6 ↔ D2 embryo aggregation chimeras, although in these animals skewing 
occurred only after 12-18 months23.














Figure 2.1. Dot plot showing the presence of D2 (H-2Kd+) and B6 (H-2Kb+) leukocytes in the peripheral blood 
of lethally irradiated BDF1 mice (H-2Kbd+), transplanted with 2.0 × 106 fetal liver cells in a 1:4 D2:B6 ratio.
 
D2 and B6 progenitor cell cycling in chimeras
We have previously shown that D2 progenitors have a higher steady state cycling activity than B6 
cells12,13,17. We isolated bone marrow cells from BDF1 mice transplanted 5 months earlier with only 
D2 or only B6 fetal liver cells (Figures 2.2A and B) and determined the percentage of CFU-GM in 
S-phase. Progenitors in mice transplanted with D2 stem cells had an average percentage of 28% in 
S-phase, whereas only 9% of the progenitors in mice transplanted with B6 cells were in S-phase 





Figure 2.2. Chimerism in peripheral blood. Panel A shows the percentages of donor-derived D2 leukocytes 
in the peripheral blood of lethally irradiated BDF1 mice after transplantation of 2.0 × 106 D2 fetal liver cells. 
Panel B and C show chimerism after transplantation of 2.0 × 106 B6 fetal liver cells and 0.4 × 106 D2 + 1.6 × 
106 B6 fetal liver cells, respectively. Values are given ± 1 SEM.
 
Figure 2.3. Proliferation of progenitors. The percentage of CFU-GM in S-phase in the bone marrow of 
lethally irradiated BDF1 recipients transplanted with D2 fetal liver cells only (D2>F1) or B6 fetal liver cells 
only (B6>F1).
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Genotype-restricted mobilization potential of hematopoietic 
progenitors
In humans and in various inbred strains of mice, the number of primitive cells mobilized from the 
bone marrow into the peripheral blood after growth factor administration varies widely5,7,15,24. We 
have previously postulated that differential mobilization responses reﬂect distinct marrow pool 
sizes6. To test this hypothesis we administrated SD/01, a pegylated formulation of rhG-CSF with 
enhanced biological activity18, to parental and transplanted chimeric mice. The number of CFU-
GM/ml blood, three days after injection of SD/01 to parental D2 and B6 mice is shown in Figure 
2.4A. The large strain difference is apparent and is in full agreement with previously reported 
data5,15. Mobilization potential of irradiated F1 animals, transplanted with 2 × 106 B6 or 2 × 106 
D2 fetal liver cells is depicted in Panel B of Figure 2.4. No signiﬁcant differences compared to 
parental strains were observed, indicating that transplantation and engraftment of donor stem cells 
does not detrimentally affect subsequent mobilization potential. Since B6 and D2 progenitor cells 
maintained their characteristic parental mobilization pattern in an F1 microenvironment, these data 
additionally demonstrate that genotype-restricted differences in mobilization response after G-CSF 
represent an intrinsic stem cell trait.
Fifteen weeks after transplantation, a time point when D2-derived leukocytes were ~twofold more 
frequent than B6 leukocytes in recipients of mixed B6 and D2 fetal liver cells (Figure 2.2C), SD/01 
was administered to the chimeras and three days later CFU-GM were cultured from peripheral 
blood. Individual CFU-GM colonies were genotyped using primers that amplify the polymorphic 
microsatellite marker D14Mit266. Figure 2.4C shows an example of a genotyping experiment 
in which seven D2, four B6 and one BDF1 colonies were detected. Fifty colonies were analysed 
in each chimera. The total number of B6, D2 or BDF1-derived CFU-GM/ml blood from each 
chimeric mouse is depicted in Panel D of Figure 2.4. Endogenous BDF1-derived colonies were 
observed rarely. The frequency of D2-derived CFU-GM was fourfold to eightfold higher than 
B6-derived progenitors. The skewed prevalence of D2 progenitors exceeded by several fold the 
relative frequency of total D2 leukocytes, suggesting that D2 progenitor cells were either more 
efﬁciently mobilized than were B6 cells, or, alternatively, that the marrow frequency of D2 stem 
and progenitor cells was signiﬁcantly higher than B6 cells.
D2 and B6 stem cell frequencies in chimeric mice; 
a limiting dilution in vitro analysis
To assess whether the overrepresentation of D2 progenitors after mobilization resulted from a higher 
D2 stem cell frequency in the bone marrow of the chimeras, we measured the pool size of D2 and 
B6 stem cells. First, an in vitro cobblestone area-forming cell (CAFC) assay was performed using 
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FACS-sorted D2 and B6 cell populations obtained from bone marrow of the chimeras. Importantly, 
at the time point of sacriﬁce (140 days after transplant) B6 and D2 leukocyte populations in the 
peripheral blood were equally frequent in these chimeric mice (Figure 2.2C). After staining bone 
marrow cells with anti H-2Kd and anti H-2Kb antibodies, D2 and B6 cell fractions were separated 
using ﬂow cytometry, and independent CAFC assays were performed on both populations. In the 
chimeric bone marrow, 56% of the cells were D2-derived and 33% were B6-derived (Figure 2.5A). 
CAFC day-7 frequency was twofold higher in the H-2Kd+-cell fraction compared to cobblestone 
forming-activity in the H-2Kb+ cell fraction. (Figure 2.5B). For comparison, the CAFC day-7 
frequency in unfractionated parental D2 and B6 control bone marrow is shown as well. CAFC day-
35 was threefold more frequent in the H-2Kd+cell fraction compared to the H-2Kb+ cell fraction. 
(Figure 2.5C and D). These values were similar to the stem cell frequency in the parental strains 
(Figure 2.5C).
D2 and B6 stem cell frequencies in chimeric mice; a limiting dilution in 
vivo analysis
To conﬁrm that the distinct cobblestone area-forming activity of H-2Kd+ and H-2Kb+ cell fractions 
properly reﬂected stem cell activity, and thus to reinforce our in vitro CAFC data, we performed 
a limiting dilution long-term repopulating ability (LTRA) assay. To this end, bone marrow was 
isolated from a chimeric animal and transplanted without further manipulation into a secondary 
cohort of lethally irradiated BDF1 mice in four cell doses (2.0 × 106, 1.0 × 106, 0.5 × 106, or 
0.2 × 106 cells). At the time of bone marrow harvest (18 weeks after transplantation), 45% of 
the leukocytes were D2 derived and 40% were B6 derived. Figure 2.6A shows the percentage of 
secondary F1 recipients that failed to show more than 0.5% (detection limit) B6 or D2 lymphocytes 
or granulocytes 5 months posttransplant, as a function of the number of cells transplanted. In all 
four groups, each consisting of ﬁve animals, were mice that did not have B6 leukocytes. Only a 
single recipient, transplanted with the lowest cell dose of 0.2 × 106 cells, did not show long-term D2 
granulocyte contribution (chimera 20, Figure 2.6B). In contrast to the initial fetal liver chimeras, 
this cohort of secondary recipients showed considerable variation in levels of chimerism within 
each group (Figure 2.6B). Using Poisson statistics, the frequency of B6 repopulating stem cells 
was estimated to be 0.08 per 105 bone marrow cells, whereas the frequency of D2 repopulating 
stem cells was 10-fold higher, 0.8 per 105 (Figure 2.6C). In good agreement with the in vitro CAFC 
data, these in vivo results show that D2 stem cells are much more frequent than B6 stem cells in the 
common environment of the F1 chimera.




Figure 2.4. Progenitor mobilization potential. Number of CFU-GM per ml blood three days after 
administration of SD/01 to parental strains (Panel A), or to chimeric mice transplanted with only D2 or only 
B6 fetal liver cells (Panel B). Mobilized colonies in the peripheral blood of the chimeras were genotyped 
using informative SSLP-PCR. Panel C depicts the ampliﬁed PCR products (D2 allele is 180 bp and the B6 
allele is 148 bp). Panel D shows the number and genotype of CFU-GM per ml peripheral blood in three BDF1 




Figure 2.5. Cobblestone forming activity in chimeric bone marrow. Percentage D2- and B6-derived bone 
marrow cells in chimeras, 140 days posttransplant, is shown in panel A. Panel B and C show the frequency of 
CAFC day-7 and day-35 respectively, within the H-2Kd+ and H-2Kd+ cell fraction, isolated from the chimeric 
bone marrow by ﬂow cytometry. Also shown in panels B and C are values for these cell stages as measured in 
parental control animals. Panel D illustrates the presence of cobblestone areas within the H-2Kd+ and H-2Kd+ 
cell fractions after 35 days of culture as a function of the number of cells inoculated per well.
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Figure 2.6. LTRA measurements using chimeric bone marrow graft. Percentage of secondary recipients 
that failed to show multilineage B6 or D2 contribution after transplantation of chimeric marrow obtained 5 
months after primary fetal liver transplantation is shown in panel A. Panel B depicts the percent B6 and D2 
granulocytes in the peripheral blood of each of the 20 chimeras as a function of transplanted cell dose. Panel 






In this study we wished to determine whether speciﬁc functional characteristics of hematopoietic 
progenitor and stem cells are deﬁned cell-autonomously, or by signals from the microenvironment. 
Cell traits that we analyzed included the rate of proliferation, the ability to form colonies in long-
term stroma-associated cultures, the ability to migrate to the peripheral blood after cytokine 
challenge, and, ﬁnally, the ability to reconstitute the hematopoietic system of a lethally irradiated 
recipient. We took advantage of the fact that different inbred strains of mice have been shown 
to display a widely varying range of phenotypes related to these aspects of stem cell biology. 
Compared to B6 mice, D2 mice have more stem cells6,14,22, a higher proportion of progenitor cells 
in S-phase12,13,17, which are more easily mobilized to the peripheral blood5,15.
Using a competitive analysis in which D2 hematopoietic stem cells derived from the fetal liver 
were allowed to compete with similarly obtained B6 stem cells, we show conclusively that all 
strain-speciﬁc characteristics were maintained with high ﬁdelity within the common environment 
of the chimeras. Thus, all data presented in this study argue strongly for an intrinsic modulation of 
stem cell function.
One of us (G. Van Zant) has reported extensively on hematopoietic chimerism in B6 ↔ D2 embryo 
aggregation chimeras23,25. Stem cell proliferation, stem cell frequency and stem cell mobilization 
were never directly measured in those chimeras. However, when bone marrow cells obtained 
from these chimeras were transplanted into lethally irradiated F1 animals the large majority 
of leukocytes were derived from D2 stem cells, very similar to what we have observed in the 
current study using fetal liver radiation chimeras. This competitive advantage was considered to 
be a consequence of the higher proliferative fraction of D2 cells compared to B6 cells. Although 
differential cell proliferation probably contributes to this process, our present studies show in fact 
that D2 stem cells are substantially more abundant than B6 stem cells in the chimeras. Our current 
results are in good agreement with those recently published by Muller-Sieburg et al., who also 
used the above-mentioned embryo-aggregation technique. LTC-IC measurements in chimeric mice 
revealed consistently a higher frequency of D2 stem cells than expected based upon chimerism in 
other somatic tissues26.
We have recently shown that the in vitro proliferative potential of a highly enriched single Lin-
Sca-1+c-kit+ D2 stem cell is substantially higher compared to its B6 counterpart22. Although our 
present data at ﬁrst sight also suggest that D2 stem cells are “superior” compared to B6 cells, 
production of mature cells by D2 stem cells is not very efﬁcient in the chimeras, since a large D2 
stem cell compartment produces an equal number of leukocytes as a small B6 compartment. This 
paradox is also observed in parental mice; in B6 mice few stem cells and few actively cycling 
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progenitors maintain normal blood cell values as efﬁciently as D2 mice with many stem cells and 
highly cycling progenitors. This suggests that down-stream mechanisms, such as distinct rates 
of apoptosis of committed cells or the number of ampliﬁcation divisions, may further regulate 
peripheral blood cell production.
The extent to which stem cell population size in vivo is affected by cues from the systemic or local 
environment potentially predicts limitations to ex vivo expansion protocols. Attempts to multiply 
and manipulate hematopoietic stem cells are currently being explored in many laboratories. If stem 
cell function is predominantly intrinsically regulated, as our data imply, it may prove difﬁcult to 
expand these cells in vitro using exogenously added growth factors. It may therefore be signiﬁcant 
that hematopoietic stem cells have been notoriously difﬁcult to maintain in culture. Rather, altering 
the intrinsic genetic program of stem cells may prove to be more fruitful. First examples of genetic 
(re)programming are provided by studies showing that stem cells overexpressing HoxB4 or bcl-
2 have enhanced repopulating activity, whereas cells deﬁcient of the cyclin-dependent kinase 
inhibitor p21 have reduced stem cell activity27-29.
Recently it has been argued that cell-autonomous behavior is a property of malignantly transformed 
leukemic cells16. Our data indicate that normal primitive hematopoietic stem cells also display 
autonomous characteristics. At present, the molecular nature of such stem cell autonomy has yet to 
be deﬁned. Truly intrinsic effectors, such as differentially expressed transcription factors, may play 
a role. Alternatively, however, secreted glycoproteins expressed by stem cells may affect stem cell 
pool size in an autocrine fashion. We, and others, have previously mapped chromosomal regions 
associated with variation in stem cell frequency and mobilization potential6,13-15,30. Although the 
underlying genes have not yet been identiﬁed, our current experiments indicate that these genes 
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Many current experimental results show the necessity of new conceptual approaches to understand 
hematopoietic stem cell organization. Recently, we proposed a novel theoretical concept and a 
corresponding quantitative model based on microenvironment-dependent stem cell plasticity. The 
objective of our present work is to subject this model to an experimental test for the situation of 
chimeric hematopoiesis. Investigating clonal competition processes in DBA/2-C57BL/6 mouse 
chimeras, we observed biphasic chimerism development with initially increasing but long-term 
declining DBA/2 contribution. These experimental results were used to select the parameters 
of the mathematical model. To validate the model beyond this speciﬁc situation, we ﬁxed the 
obtained parameter conﬁguration to simulate further experimental settings, comprising variations 
of transplanted DBA/2-C57BL/6 proportions, secondary transplantations, and perturbation of 
stabilized chimeras by cytokine and cytotoxic treatment. We show that the proposed model is 
able to consistently describe the situation of chimeric hematopoiesis. Our results strongly support 
the view that the relative growth advantage of strain-speciﬁc stem cells is not a ﬁxed cellular 
property, but is sensitively dependent on the actual state of the entire system. We conclude that 
hematopoietic stem cell organization should be understood as a ﬂexible, self-organized rather than 





Many experimental ﬁndings on heterogeneity, ﬂexibility, and plasticity of hematopoietic and other 
tissue stem cells1-6 are currently challenging classical stem cell concepts and clearly show the 
necessity of novel conceptual approaches to understand tissue stem cell organization7-12. Recently, 
we proposed a new theoretical framework of tissue stem cell organization13, replacing the classical 
view on tissue stem cells of being preprogrammed entities by a dynamic perspective based on 
self-organizing principles. Applying these principles to the hematopoietic stem cell system 
leads to the concept of within-tissue plasticity. This concept and the corresponding quantitative, 
mathematical model has previously been described in detail14. Here we brieﬂy summarize the basic 
assumptions.
We assume that cellular properties can reversibly change within a range of potential options. The 
direction of cellular development and the decision whether a certain property is actually expressed 
depends on the internal state of the cell and on signals from its growth environment. Individual 
cells are considered to reside in 1 of 2 growth environments (GE-A or GE-Ω). The state of each cell 




, M, or 
G
0
), and by a property (a) which describes its afﬁnity to reside in GE-A. Whereas cells in GE-Ω 
gradually loose this afﬁnity, cells in GE-A are able to gradually regain it. Furthermore, cells in GE-
A are assumed to be nonproliferating (i.e. in G
0
), while cells in GE-Ω are assumed to proliferate 
with an average generation time τ
c
. The transition of cells between the two GEs is modeled as a 
stochastic process. The corresponding transition intensities (probabilities of growth environment 
change per time step) depend on the current value of the afﬁnity a and on the number of stem cells 
residing in GE-A and GE-Ω, respectively. This cell number dependency is described in the model 
by the transition characteristics fα and fω (Supplemental Figure S1). If the attachment afﬁnity a of 
an individual cell has fallen below a certain threshold (a
min
), this cell is released from the stem cell 
compartment and starts the formation of a clone of differentiated cells.
Using simulation studies, we have previously shown that this model can describe a large variety of 
observed phenomena, such as heterogeneity of clonogenic and repopulation potential (demonstrated 
in different types of colony formation and repopulating assays), ﬂuctuating clonal contribution 
(observed in chimeric animals or in individual clone-tracking experiments), or changing cell cycle 
activity of primitive progenitors (described by the use of different S-phase labeling studies)14,15.
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a min a = O
Figure 3.1. Schematic representation of the model concept for a chimeric situation. Cellular development 
within the stem cell compartment (left) is characterized by the possibility of individual cells (black and white 
circles) to reside in 2 different growth environments (GE-Α, gray; GE-Ω, white). The afﬁnity (a) of cells 
to reside in GE-A can reversibly change depending on the actual GE (gain in GE-A, loss in GE-Ω). The 
processes of a-loss/gain and of transition between the 2 growth environments (characterized by the model 
parameters d, r, and fα, fω, respectively) are assumed to be strain speciﬁc, illustrated by the D2/B6 superscripts. 
The same holds for the process of proliferation (ampliﬁcation due to cell division), which is described by 
the average generation time τ
c
. Cells that have lost the potential to change to GE-A and, therefore to regain 
a (denoted as differentiated cells), will pass through different precursor stages to become mature leukocytes. 
Regulation processes of precursor and mature cell stages are neglected in the current model version. 
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The quantitative information contained in experiments on clonal competition and on unstable or 
ﬂuctuating chimerism of hematopoietic cells16-23 provide an additional, important possibility to test 
our model and to provide insight into generating and regulating mechanisms of these intriguing 
phenomena.
To apply our stem cell model to a chimeric situation (Figure 3.1), we consider 2 populations of cells 
within 1 model system. These populations potentially differ in their model parameters d, r, τ
c
, fα, or 
fω. This approach allows the analysis of the inﬂuence of these model parameters on the competitive 
behavior of the 2 cell types and, therefore, on the dynamics of chimerism development.
Preliminary simulation studies, based on the above-described concept, led to 2 major qualitative 
predictions. First, we predicted that small differences in model parameters may cause unstable 
chimerism with a slow but systematic long-term trend in favor of one clone. Secondly, we 
predicted that the chimerism depends on the actual status (i.e., cell numbers) of the entire system. 
Therefore, system perturbations (e.g., by stem cell transplantation after myeloablative conditioning 
or cytokine or cytotoxic treatment) are expected to result in signiﬁcant changes of chimerism levels 
within a short period of time.
It was our objective to subject these qualitative predictions to an experimental test and to investigate 
whether these phenomena could be explained consistently by one single parameter set of the model. 
The starting point for our experimental design was the observation that the contribution of DBA/2 
(D2) cells to peripheral blood production in C57BL/6 (B6) – D2 allophenic mice declines over time 
but can be reactivated by a bone marrow transplantation into lethally irradiated B6 D2 F1 (BDF1) 
mice24. To quantitatively compare experimental data and simulation results, we investigated the 
chimerism kinetics in primary and secondary B6-D2 radiation chimeras in much greater detail. 
Beyond this, we performed experiments inducing transient perturbations of chimerism in fully 
reconstituted animals using cytokine stimulation or cytotoxic treatment.





Female B6D2F1OlaHsD (BDF1) and timed pregnant DBA/2OlaHsd (D2) and C57BL/
6JolaHsD (B6) mice were purchased from Harlan (Horst, The Netherlands). BDF1 mice were 
 used at an age of 10 to 12 weeks as recipients.
 
Experimental design
Figure 3.2 shows a schematic overview of the experimental design. Primary and secondary 
radiation chimeras were used to analyze the long-term chimerism kinetics. Furthermore, we 
analyzed perturbations of stable systems by treating primary and secondary radiation chimeras with 
cytokines (recombinant human granulocyte colony-stimulating factor [rhG-CSF], recombinant 
human fms-like tyrosine kinase 2 ligand [rhFlt3-ligand]) and cytotoxic agents, respectively. 
 
Production of fetal liver radiation chimeras
Chimeras were constructed as described previously25. Brieﬂy, fetal livers (FLs) were isolated 
from timed pregnant B6 and D2 mice (14 days postcoitus). Lethally irradiated (9.5 Gy, 4 hours 
prior to transplantation) BDF1 mice (n = 40) underwent transplantation with a total of 2 × 106 
FL cells. We used FL cells instead of adult bone marrow (BM) cells to avoid graft-versus-
graft reactions. There are no alloreactive T cells present in day-14 FL cells. We do not expect 
any FL-speciﬁc effect on long-term chimerism in these chimeras. D2 and B6 FL cells were 
transplanted at a ratio of 1:4 because earlier experiments25 revealed that this ratio is best suited 
to provide equal initial B6 and D2 contributions in the peripheral blood of recipient mice. 
 
Secondary transplantation
We performed secondary transplantation of BM cells from 2 individual chimeric donors at 133 
and 588 days after primary transplantation of FL cells. These donors were selected as they showed 
highly distinct D2/B6 leukocyte ratios in the peripheral blood at the time of transplantation (9:11 
in the ﬁrst and 1:9 in the second donor mouse). A total number of 2 × 106 (ﬁrst donor) and 2.5 × 106 
(second donor) unfractionated BM cells were transplanted in cohorts of 5 and 12 lethally irradiated 
female BDF1 mice, respectively.
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Figure 3.2. Experimental design.
 
Determination of peripheral blood cell chimerism
Blood samples (about 50 μl) were drawn from the retro-orbital plexus of each chimera at various 
time points after transplantation. Erythrocytes were lysed by hypotonic shock (0.16 M NH4Cl, 
1.0 × 10-4 M EDTA [ethylenediaminetetraacetic acid], 0.017 M NaCl, 10 minutes at room 
temperature). Leukocytes were stained with ﬂuorescein isothiocyanate (FITC)-labeled antimouse 
H-2Kd and biotin labeled antimouse H-2Kb (Pharmingen, San Diego, CA), which detect D2 and B6 
leukocytes respectively. Cells were washed twice and stained with streptavidin-phycoerythrin (PE) 
(Pharmingen). The percentage of leukocytes derived from D2, B6 and BDF1 was assessed by ﬂow 
cytometry (FACSCalibur, Becton Dickinson, Palo Alto, CA)25.  To avoid repetitive leeding not all 
mice were analyzed at every time point.
Cytokine treatment using rhG-CSF and Flt3-ligand
Ten months after FL transplantation, two cohorts of 4 primary recipients were treated for 14 days 
with either rhG-CSF (gift from Amgen, Thousand Oaks, CA) or rhFlt3-ligand (a gift from Immunex, 
Seatle, WA) using ALZET mini-osmotic pumps (DURECT, Cupertino, CA). Administered doses 
were 2.5 μg rhG-CSF per mouse per day (n = 4) and 5 μg rhFlt3-ligand per mouse per day (n = 4). 
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Cytotoxic treament using 5-ﬂuorouracil (5-FU)
A group of 4 chimeric mice that underwent secondary transplantation received 150 mg/kg 5-FU 
(Pharmachemie B.V., Haarlem, The Netherlands) to deplete the progenitor pool. The 5-FU was 
appropriately diluted in 150 μl phosphate-buffered saline (PBS) and administered intraperitoneally 
in a single injection.
 
Cobblestone area-forming cell assay




To statistically test the signiﬁcance of experimentally observed temporal trends in chimerism 
development we applied a linear mixed-effects model27, which allows to consider the correlation 
structure of repeated measurements within individuals. Changes of mean chimerism levels at 2 
individual time points were tested using classical t-tests. Statistics and graphics have been produced 
using the statistical computing environment R28.
 
Simulation procedure 
To simulate the chimeric development of individual mice, the actual status of each stem cell, 
characterized by its attachment afﬁnity (a), its position in the cell cycle (c), and its current growth 
environment (GE-A, GE-Ω, or pool of differentiated cells), is updated at discrete time steps of 1 
hour (for details, see Roeder and Loefﬂer14). Additionally, the actual number of stem cells in GE-
A and GE-Ω and of differentiated cells is recorded at these time points. To determine the number 
of peripheral blood leukocytes in the simulations, the pool of mature cells (Figure 3.1) is used. 
Hereby it is assumed that the number of mature leukocytes is proportional to the number of cells 
released from the stem cell compartment. Details of ampliﬁcation, differentiation, and maturation 
within precursor cell stages are neglected in the current model version. The maturation time for 
precursor cells, including the life time of mature peripheral blood leukocytes, has been preset 
for all model cells to 5 days for reconstituting and 10 days for stabilized systems, respectively29. 
Chimerism levels are obtained by calculating the D2 proportion among model cells within the 
mature leukocyte compartment.
Due to the stochastic nature of the growth environment transition of stem cells, individual simulation 
runs produce different chimerism levels even though identical parameter sets are used. Therefore, 
to determine the mean chimerism levels under a speciﬁc parameter set, repeated simulation runs 
(n = 100) have been performed. To illustrate the average behavior and the variability of individual 
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simulations, the mean and the standard deviation (SD) of chimerism levels are determined at each 
time step.
Starting from a parameter conﬁguration that has previously been demonstrated to consistently 
explain a variety of experimental phenomena in the nonchimeric situation14, we ﬁtted the simulation 
outcome to the observed chimerism development in primary irradiation chimeras initiated with a 
1:4 ratio of transplanted D2 and B6 fetal liver cells. The ﬁtting process has been realized by varying 
the initial D2 proportion of stem cell and the shape parameters of the transition characteristics 
fα
D2 and fω
D2 according to an evolutionary strategy30 (see “Parameter estimation according to an 
evolutionary strategy”).
To evaluate the proposed model for the situation of competitive hematopoiesis, this parameter set 
has been applied to further experimental settings and the resulting simulation results have been 
compared to experimental data. To illustrate the goodness of ﬁt, we use graphical representations and, 
if applicable (availability of experimental raw data), the average (over all time points) proportion of 
measurements within the mean ± 1 standard deviation (SD) interval of the simulation denoted by Δ. 
 
Parameter estimation according to an evolutionary strategy
In the “ﬁrst generation”, the average chimerism development of 20 individual simulation runs for 
an initial parameter conﬁguration is determined and the sum of squared residuals
 
is calculated as a ﬁtness measure. Herein,  is denoting the average simulation chimerism,  is 
denoting the experimentally observed average chimerism, and w
i
 denotes a weighting coefﬁcient 
for the time point i (i = 1, ..., n), respectively. To account for the different levels of measurement 






 ... empirical variance of chimerism measurements at time 
i). Thereafter, all parameters (considered in the ﬁtting process) are mutated simultaneously by 
addition of a random noise term (normally distributed with expectation 0 and variance 0.01). Four 
of these mutations are realized independently. Each of these 4 random parameter sets is now used to 
initialize a further 20 simulation runs. Using the 4 (“second generation”) average simulations, new 
ﬁtness measures SS are calculated and the procedure is continued using the parameter setting (out 
of these 4) with the smallest SS statistic. Consistently, the ﬁtness values reached stable levels after 
about 70 generations in all considered scenarios. The procedure was stopped at 150 generations. 
 




Construction of chimeras and long-term chimerism follow-up
To simulate the development of radiation chimeras, model systems are initiated by 2 cell populations 
that differ in their cellular parameters τ
c
, fα, and fω. Different compositions of transplants with 
respect to strain ratio or quality of progenitors are realized by varying the D2 proportion (ranging 
from 10% to 90%) and the starting a values (ranging from 0.01 to 1) of the initiating model cells. 
Primary model chimeras were initiated with a low D2 proportion in the range of 10% to 30% 
with a values uniformly distributed on the interval [0.01; 1]. The total number of engrafting stem 
cells was set to 20 (which equals about 6% of the model steady state numbers), motivated by an 
estimate of one stem cell in 105 BM cells31. Residual F1 cells in the host systems are neglected. 
 
Secondary transplantation and follow-up of reconstitution kinetics
Secondary transplantations are simulated by the initiation of empty model systems (representing 
lethally irradiated BDF1-hosts), with 20 model cells randomly sampled from the stem cell pool 
of a previously simulated primary chimera. This sampling induces an initial D2/B6 ratio and an a 
distribution comparable to the stem cell population of the donor at the time of transplantation.
 
Transient perturbations of stable systems (cytokine stimulation and cytotoxic 
treatment)
rhG-CSF and rhFlt3-ligand stimulations are simulated identically by a transient increase of 
the transition intensity fω, modeling an enhanced activation of stem cells into cycle. To be 
more speciﬁc, for the duration of the treatment the value of the (otherwise stem cell number-
dependent) characteristic fω is ﬁxed to a value of 0.5 and 0.7 for B6 and D2, respectively. 
The 5-FU effect is simulated by a kill of all model cells entering S-phase for 12 hours from the 
time point of treatment.
 
Computer implementation








Chimerism development in unperturbed radiation chimeras
 
Experimental results
We investigated progression of chimerism in B6-D2 radiation chimeras over a period of up to 20 
months. The content of primitive progenitor cells in the FL cell transplants was estimated using a 
CAFC assay, with CAFC day-35 frequencies (per 105) of 7.3 for D2 and 0.4 for B6. The data points 
in Figure 3.3A show the proportions of D2 peripheral blood leukocytes starting from an initial 
D2/B6 ratio of 1:4 (i.e., 20% D2) of transplanted FL cells. The increasing variability of the data 
towards the end of the measuring period can partially be explained by the fact that early chimerism 
values (before day 300) have been obtained from a consistent set of 16 mice. In contrast, at later 
time points some of these mice had been used for other experiments, and chimerism measurements 
from (identically constructed) chimeras which had not been tracked within the ﬁrst 300 days after 
construction were included into the analysis. One recognizes that after a maximum of about day 
40 after transplantation there is a time-dependent decline of D2 contribution. Accounting for the 
inhomogeneity of the data set at late time points, we tested the D2 decline within the period of day 
40 to 290 and show that it is statistically signiﬁcant (P < .001).
 
Model results
Because an identical parameter choice for both strains would always result in a constant chimerism, 
an explanation of the observed systematic biphasic changes in chimerism levels is inevitably 
requiring some difference in the model parameters. Due to the documented difference between D2 
and B6 cells with respect to their cycling activity25, we assumed different average generation times 
(τ
c
D2 = 20 hours, τ
c
B6 = 24 hours). 
However, solely assuming this difference is not sufﬁcient to explain the observed chimerism 
development. Therefore, we performed a sensitivity analysis of the model parameters controlling 
the cellular development (i.e., the differentiation coefﬁcient d, the regeneration coefﬁcient r, and the 
transition characteristics fα and fω). This means, starting from the previously established parameter 
conﬁguration14, including the experimentally motivated difference in the cycling activity, we 
varied one parameter after another (keeping all other parameters ﬁxed) to investigate its effect on 
temporal chimerism development. We found that only differences in the transition characteristics 
induce the observed biphasic pattern.
The simulation presented in Figure 3.3A used characteristics fα
D2 and fω
D2 as shown in Figures 3.3B-
C. These had been selected by ﬁtting the simulations to the data set according to an evolutionary 
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strategy. Because the D2/B6 ratio of initially engrafting stem cells cannot exactly be determined 
experimentally, we furthermore allowed a restricted variation (± 10% with respect to the ratio of 
transplanted FL cells) of this ratio in the ﬁtting procedure, resulting in a predicted D2 engraftment 
of 10% immediately after transplantation.
Our simulations demonstrate that variations in the initial D2/B6 ratio (30%, 50%, and 85%), 
without any further change of the model parameters, are sufﬁcient to explain the experimentally 
observed heterogeneity of chimerism development in different experiments (Figure 3.4A).
Furthermore, we tested this parameter conﬁguration (obtained for the competition situation in 
chimeric systems) for the reconstituting behavior of nonchimeric systems. Figure 3.4B shows 
that both parameter sets (D2, B6) are able to generate stable nonchimeric systems after system 
initiation with a low number of D2 or B6 cells, respectively. Herein, the model predicts a faster 
reconstitution of D2 compared with B6 systems, which is consistent with previously published 
observations32.
 
Reactivation of clone activity after retransplantation and long-term 
chimerism in secondary chimeras
 
Experimental results
Transplantation of bone marrow cells from 2 primary radiation chimeras at day 133 and 588 
after ﬁrst transplantation (2 different experiments), into secondary cohorts of lethally irradiated 
BDF1 mice clearly showed a reactivation of D2 contribution in the peripheral blood (Figures 
3.5A-B). In both experiments we found signiﬁcantly increased D2 contributions (P < .001 
in both cases) immediately after transplantation compared to the chimerism level in the donor 
animals prior to transplantation. However, regarding the long-term behavior we noted remarkable 
differences between the 2 experiments. Whereas the D2 contribution within the animals of one 
experimental cohort showed a statistically signiﬁcant (P = .0015) decline (Figure 3.5A), an 







Figure 3.3. Chimerism development in unperturbed radiation chimeras. A. The open circles represent 
the observed chimerism levels (mean ± 1 SD) in primary radiation chimeras. The ⊗ illustrates the D2/B6 ratio 
in the FL cell transplant. The simulated chimerism of mature model leukocytes is given by an average of 100 
simulation runs (solid line) and its corresponding SD (gray shade). The goodness of ﬁt measure, Δ, equals 
0.80. The used transition intensities fα and fω (obtained by ﬁtting the model to the data points) are shown in 
panels B and C, respectively. The shaded areas in panels B and C indicate stem cell numbers consistent with 
a regenerated stabilized model system.
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Figure 3.4. Simulation results on strain differences. A. Effect of the initial D2/B6 ratio. Data points represent 
the results (mean ± 1 SD) from 3 independent experiments. Data sets a and b used initially transplanted D2 
proportions of 80% and 50% FL cells. Data set c (previously published26) used an initial D2 proportion of 20%. 
However, a different irradiation scheme as in the current study was used in this case. Solid lines represent 
corresponding average simulation results using identical parameter sets but different initial D2 proportions: 
a, 85%, b, 50%, and c, 30%. Goodness of ﬁt measures, Δ, are a, 0.78; b, 0.89; and c; 0.92. B. Reconstitution 
in nonchimeric situations: Black (D2) and gray (B6) dots represent mean leukocyte numbers (± 1 SEM) 
normalized to steady state counts of 6.7 × 106 for D2 and 7.4 × 106 for B6 mice (previously published33). The 
solid lines (black, D2; gray, B6) show average simulation results of reconstituting nonchimeric model systems 
starting from 20 initiating stem cells. Given is the fraction of normal steady state white blood cells in the 







Figure 3.5. Chimerism development in secondary hosts after BM transplantation. A-B. The circles show 
the experimentally observed peripheral blood leukocyte chimerism in 2 individual primary radiation chimeras 
(single values) and in corresponding cohorts of secondary host mice (mean ± SD). The solid lines show average 
simulations (gray shade: simulation SD) for the chimerism development in the secondary chimeras (goodness 
of ﬁt measures, Δ: A, 0.56; B, 0.80). The simulation scenarios in A and B differ with respect to transition 
characteristics (C-D) and the initiating D2/B6 ratio according to the experimental situation. C-D. Transitions 
characteristics used to generate the simulations in panels A and B, respectively. The zoomed regions represent 
the regulatory windows responsible for long-term chimerism development in fully reconstituted systems.
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Model results 
Without changing the parameter conﬁguration previously obtained (Figure 3.3A), the simulations 
predict that a reduction of the total stem cell pool size, as assumed for the transplantation setting, 
induces an initial elevation of the D2 contribution in the host (compared with donor chimerism 
prior to transplantation) followed by a gradual D2 decline (Figure 3.5A).
However, to explain the chimerism development observed in the second experimental cohort 
(Figure 3.5B) it was necessary to adjust the parameter conﬁguration. Again, we used an evolutionary 
strategy to select suitable transition characteristics fα  and fω. The initial D2 proportion was set to 
12%, according to the donor chimerism at time of transplantation. The results of the parameter 
ﬁtting revealed that small quantitative variations of fα and fω (Figures 3.5C-D) are sufﬁcient to 
explain the observed chimerism development (Figure 3.5B). Further examples, illustrating the 
sensitive inﬂuence of minor, quantitative changes in the transition characteristics on the qualitative 
long-term development of chimerism, are given in the supplement material (Figure S2).




Cytokine stimulation as well as 5-FU treatment induced transient perturbations of the system 
behavior (Figures 3.6A-B and 7A). With respect to cytokine stimulation, we observed a signiﬁcant 
increase of the D2 leukocyte proportion at day 7 of treatment compared to pretreatment levels using 
rhFlt3-ligand (P = .008) and rhG-CSF (P = .016). The same is true for the increase in total white 
blood cell (WBC) numbers using rhFlt3-ligand (P = .042) and rhG-CSF (P < .001). Although the 
chimerism had widely returned to starting values by the end of treatment (day 304), there was still a 
statistically signiﬁcant increase (P = .008 and P = 0.009) in WBCs compared with the pretreatment 
situation at this time point (Figures 3.6A-B).
The treatment of fully reconstituted mouse chimeras with a single dose of 5-FU appeared to induce 
a delayed drop of the D2 contribution to peripheral blood leukocytes (Figure 3.7A). The nadir of D2 
chimerism (day 257), however, was not signiﬁcantly different from pretreatment values (P = .100), 
which might be due to the low number of post-treatment data points (n = 3). The measurement at 70 










Figure 3.6. Cytokine stimulation. Experimental data (mean ± SD) of A. rhFlt3-ligand and B. rhG-CSF 
stimulation of stabilized (day 290 after transplantation) primary radiation chimeras. C. Corresponding average 
simulation result of cytokine stimulation (no difference assumed for rhFlt-3-ligand and rhG-CSF effects). In 
all panels, the upper graphics show the chimerism development, with gray bars representing the period of 
cytokine stimulation. The lower graphics show white blood cell counts at day 7, 14, and 21 after the start of 
treatment, relative to pretreatment levels.
Stochastic modelling of clonal competition
74
 
Figure 3.7. Cytotoxic treatment. A. Experimental data (mean ± SD) and B. average simulation on chimerism 
development after disturbance of stabilized secondary chimeras (day 239 after bone marrow transplantation) 
by a single dose of 5-FU.
Model results
To test the system response to dynamic perturbation during stable chimerism, we modeled the 
effect of cytokines (rhG-CSF or rhFlt3-ligand), which we assumed to destabilize the balance 
between the 2 model growth environments due to their cell activation and migration-inducing 
capacity, by ﬁxing the transition characteristic fω (describing the activation of stem cells into 
cycle) at high level (Supplement Table S1). Despite the change in fω, no further parameters were 
changes with respect to the conﬁguration obtained by the ﬁt to the data in Figure 3.3A. In this 
setting the model predicts a delayed skewing of chimerism towards the D2 cell type and a minor 
but strain-speciﬁc increase in the numbers of mature model cells (Figure 3.6C). The simulated 
cytokine effect is only transient and the system returns to pretreatment levels within about 
20 days.
Furthermore, we modeled the effect of reducing the actively cycling stem cell pool size using the S-
phase-speciﬁc cytotoxic drug 5-FU. Again, we used the parameter conﬁguration estimated for the 
primary chimeras. The simulations predict a declining D2 contribution (Figure 3.7A). Similar to 






This work provides an experimental test of our novel concept of tissue stem cell organization 
based on the within-tissue plasticity idea for the situation of competitive hematopoiesis. Using a 
parameter conﬁguration obtained by ﬁtting the model to one speciﬁc data set, the mathematical 
model made several predictions for the situation of clonal competition and unstable chimerism. 
We demonstrated that this single-parameter conﬁguration can explain most of the presented 
phenomena in the chimeric situations and is also consistent with the variety of further phenomena 
previously analyzed14. Notably, parameter adjustments for the simulation of each individual data 
set would provide even better model ﬁts. However, it was our main goal to validate the model by 
the application of one parameter conﬁguration to several independent data sets
Our results suggest that chimerism levels, observed in the peripheral blood, depend on the actual 
dynamic status of the stem cell system. We show that alterations of total stem cell pool size, 
selective reductions of stem cell subpopulations, and cytokine stimulation inﬂuence the competitive 
behavior of chimeric hematopoiesis. The simulation studies reveal that variations in strain-speciﬁc 
cellular properties of stem cells, which sensitively affect the competitive behavior in a chimeric 
situation, do not necessarily inﬂuence their growth and repopulating potential in a nonchimeric 
system. These ﬁndings point to the relative nature of stem cells and their repopulating potential in 
general. For example, a particular stem cell clone which exhibits a competitive growth advantage 
in a speciﬁc situation might behave differently in another dynamic situation or if exposed to a 
different competitor clone. Therefore, stem cell potential must not be regarded as an isolated 
cellular property but must be understood as a dynamic property taking into account the individual 
cellular potential, the cell-cell interactions, and the cell-microenvironment interactions. This has 
potentially important implications for the treatment of clonal disorders, gene therapeutic strategies, 
or tissue engineering processes where the aim is to control the competitive potential of a speciﬁc 
cell type or clone.
To explain the speciﬁc competitive behavior of D2 and B6 cells in the chimeric situation, different 
hypotheses have been suggested. One of them is a strain difference in the number of long-term 
reconstituting stem cells32,33. However, although a higher number of primitive progenitor cells of one 
strain type would explain a relative growth advantage in the reconstituting situation, it would not explain 
the reversion of the competitive behavior in fully reconstituted animals. The same argumentation holds 
for a ﬁxed, strain-speciﬁc difference in cycling activity25. Another proposed mechanism underlying 
the time-dependent changes of the competitive behavior of D2 cells is an age-dependent deterioration 
of long-term repopulating ability, which has been reported to be more pronounced in D2 cells34,35. 
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An age-dependent, irreversible decline of repopulating potential, however, contrasts the observation, 
that the D2 contribution can be reactivated by transplantation, even in aged mice.
As a key result, the present analysis provides an alternative explanation for the variety of clonal 
competition patterns observed. The model proposes that stain differences in the stem cell-growth 
environment interactions, quantiﬁed by the transition characteristics fα and fω, are responsible for a 
wide range of phenomena. Such a process can explain the experimentally observed smooth, long-
term changes of the D2 contribution and, due to the dynamic control, also the reactivation of the 
D2 clone in any setting with a sufﬁciently high reduction of the stem cell pool size. Furthermore, 
the model analysis reveals that different patterns of D2 contribution in the regenerating phase 
(Figure 3.4A) can be explained consistently within the model paradigm by solely changing the D2/
B6 ratio of engrafting stem cells, without varying any other parameter. Regarding the long-term 
behavior of chimerism development, it is remarkable, how sensitively the model system reacts to 
small quantitative differences in the dynamic parameters such as the transition characteristics. The 
assumption that these characteristics are inheritable (i.e., clonal) properties provides an explanation 
for the heterogeneity of long-term chimerism development in secondary chimeras. Along these 
lines, the qualitative similarity of chimerism development in donor and host (Figure 3.5A-B) could 
be explained by the preferred sampling of transplanted stem cells from dominating clones in the 
donor. Of note, the introduction of a limited variability in the transition characteristics does not 
inﬂuence the initial growth advantage of D2 cells following transplantation, because the differences 
of the transition characteristics for low cell numbers are assumed to be large compared with the 
interclonal variability (compare Figure 3.5D-E). Concluding from these results, we predict that 
small inheritable differences of cellular properties (i.e., clonal heterogeneity) that do not affect the 
general repopulating potential of a particular clone are able to explain similarities in the engrafting 
pattern of clonally derived transplants as reported by Müller-Sieburg et al36,37 (modeling work in 
progress38).
In addition to the present assumption of identical cellular properties within the 2 strain types (no 
clonal heterogeneity), the current model version contains further simpliﬁcations. The molecular 
processes involved in the dynamic control of stem cell differentiation and proliferation are currently 
subsumed in the transition characteristics fα and fω, which model complex properties, including 
cellular and microenvironmental components. Revealing the regulatory mechanisms will include 
a detailed investigation of underlying molecular processes active in the different cellular states. 
Here, recent ﬁndings by Merchant et al39 suggest that the proliferating and the quiescent cells 
have a different gene expression proﬁle, which can be switches either way upon perturbation, an 
observation actually conﬁrming the present model. A related observation was made by Dykstra et 
al40, indicating that switching self-renewal programs on or off can take only a few hours. Numerous 
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publications are now available that report that overexpression or silencing of particular genes (e.g., 
of the HOX family, of the signal transducer and activator of transcription pathway, or of cell 
cycle regulation) can effect the repopulating potential and, therefore, chimerism development 
substantially41-45. It will be a challenge to use simulation studies to ﬁnd out which of the model 
parameters might be related to those genes. Yet another process to investigate is how aging of stem 
cells translates into age-dependent changes of the model parameters.
Although our simulation results are widely conﬁrmed by experiments that particularly focus on 
stem cell-speciﬁc, long-term effects, there are limitations with respect to short-term effects induced 
by cytokine stimulation and cytotoxic treatment. To correctly describe these effects it would be 
necessary to incorporate the development of lineage-restricted precursor cell stages and their 
dynamic feedback regulation into the model. A mathematical description of granulopoiesis has 
recently been published by our group46. Although the granulopoiesis model has been adjusted for 
the human situation, the plan is to link these 2 model classes to arrive at a comprehensive model of 
hematopoiesis including the dynamics of stem cells and differentiated cells as well as interaction 
effects between them.
In contrast to classical stem cell concepts, which rely on a predeﬁned differentiation hierarchy47-
52, our model describes stem cell organization as a self-organizing process. We interpret the 
observed heterogeneity and (hierarchical) structure of the hematopoietic stem cell population51,53-
55 as emerging system properties rather than predeﬁned cellular traits. Therefore, stem cell or 
repopulating potential can only be speciﬁed relative to the current state and to the context of the 
cells. Furthermore, it is not sufﬁcient to specify the number of potential stem cells to characterize 
a population of cells, because their repopulation potential might change (e.g., in response another 
assay system). Within our concept, the reversible change of cellular properties is regarded as an 
essential mechanism to achieve a self-renewing stem cell population. In this sense, our model is 
covering plasticity phenomena of cellular properties56-58 in a natural way.
We like to emphasize that the proposed model can be considered in several respects as an extension 
of the stochastic stem cell model previously suggested by Abkowitz and coworkers in a seminal 
series of papers20,21,59. Our model, though, is more general in describing a dynamically regulated 
stem cell pool that applies to steady state and non-steady state situations in vivo as well as to growth 
situations in in vitro assay systems. By taking cell-environment interactions into account, our 
model introduces explicitly a microscopic process (i.e., transition between growth environments) 
explaining the self-renewal ability of stem cells. This mechanism automatically generates a 
heterogeneity of stem cells (regarding the homing afﬁnity, a), which translates into functional 
differences (i.e., self-renewal potential). Furthermore, our implementation of the stochastic model 
is not only able to describe the development of cell populations but, also, fates of individual cells, 
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which enables the analysis of clone-tracking data16,18,22.
Taking the speciﬁc experimental setup into account, the presented simulation studies demonstrate that 
the proposed dynamic model is able to consistently explain clonal competition processes assuming 
strain- (or even clone-) speciﬁc differences in the dynamic control of stem cell proliferation and 
differentiation. We conclude that the concept of within-tissue plasticity provides a new, consistent 
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Table S1. Model parameters for the different simulation scenarios. 
Model parameter B6 reference values D2 




ﬁtted to increasing D2-
contribution  







+M) 24 h (12, 8, 4) 20 h (8, 8, 4) 20 h (8, 8, 4) 
d 1.07 1.07 1.07 
r 1.1 1.1 1.1 
fα 
400; 0.5; 0.3; 0.01; 0 400; 1; 0.3; 
0.017; 0 
400; 1; 0.31; 0.046; 0 
fω 80; 0.5; 0.3; 0.1; 0 105; 0.7; 0.23; 
0.015; 0 





constant at 0.5 constant at 0.7 
 
B6 reference values are based on previous simulation studies15. Instead of using variable generation times 
(τ
c
) ranging from 12 to 96 hours as in the above cited publication, we chose ﬁxed, but strain speciﬁc τ
c
D2/B6. 
Furthermore, the differentiation coefﬁcient (d) has changed for technical reasons from 1.04 to 1.07. Neither 
change alters the general system behavior.
D2 values have been obtained by ﬁtting the shape parameters of the transition characteristics fα and fω to the 
data set shown in Figure 3.3A and 3.5B, respectively. In case of the simulation of cytokine administration, fω 
is assumed to be constant, i.e. the function values at cell numbers 0, N/2, N, and inﬁnity in GE-Ω, are ﬁxed 
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Figure S1. Growth environment transition intensities. A. The intensity, i.e. the probability per time 
step Δt (here set to 1 hour), of a stem cell to change form GE-Ω to GE-A, denoted by α, is deﬁned as the 
product of the transition characteristic fα and a / amax, with a representing the actual afﬁnity of the cell and 
a
max
=1. B. Similarly, the intensity to change from GE-A to GE-Ω, denoted by ω, is deﬁned as the product of 
transition characteristic fω and amin / a, with amin=0.01. Both transition characteristics are uniquely speciﬁed 
by 5 parameters: the reference cell number N (scaling factor), the limiting behaviors (function values at cell 
numbers 0 and inﬁnity), and the shape parameters (function values at cell numbers N/2 and N). If cells do not 
undertake a transitions from one GE to the other in Δt, which is occurring with probabilities 1-α and 1-ω for 
GE-Ω and GE-A, respectively, they stay inside the actual growth-environment and the afﬁnity a is changed 













Figure S2. Simulation results on the effects of quantitative differences in transition characteristics 
on chimerism development. A. Shown are 3 competition scenarios which differ with respect to the used 
transition characteristics. The 3 average simulations show the chimerism development in primary chimeras 
after initialization with 20 stem cells and the reconstitution of these systems after a kill of 95% of all model 
cells. Herein, the B6 parameters are ﬁxed for all 3 scenarios, whereas the D2 characteristics are varied as 
indicated in panels B and C, respectively. The inline ﬁgures (in panel B, C) are zooming the regulatory region 
underlying the chimerism development in fully reconstituted animals. These differences are responsible for 
observed long-term trends in the chimerism pattern.
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Adult somatic stem cells possess extensive self-renewal capacity, as their primary role is to 
replenish aged and functionally impaired tissues. We have previously shown that the stem cell 
pool in short-lived DBA/2 (D2) mice is reduced during aging, in contrast to long-lived C57BL/6 
(B6) mice. This suggests the existence of a genetically determined mitotic clock operating in stem 
cells, which possibly limits organismal aging. In the study reported here, unfractionated bone 
marrow (BM) cells or highly puriﬁed Lin-Sca-1+c-kit+ (LSK) cells were serially transplanted in 
lethally irradiated D2 and B6 mice. In both strains, serial transplantation resulted in a substantial 
loss of stem cell activity. However, as we estimate that in B6 mice, the maximum number of 
population doublings of primitive cells is approximately 30, in D2 mice this is only approximately 
20, resulting in a 1,000-fold difference in expansion potential, irrespective of whether whole bone 
marrow or puriﬁed hematopoietic stem cells (HSCs) were transplanted. Interestingly, recipients 
reconstituted with serially transplanted BM cells were able to accept a freshly isolated graft without 
any further conditioning. Finally, we show that whereas transplantation of BM cells into healthy, 
nonconditioned, young B6 recipients does not lead to engraftment, young BM cells do engraft 
and provide multilineage reconstitution in nonirradiated aged mice. Our data clearly establish 






Hematopoietic stem cells (HSCs) sustain lifelong production of mature blood cells. In fact, it 
has been documented that HSCs can even outlive their original donor upon repeated serial 
transplantation in lethally irradiated recipients1, the most widely used model to study the process 
of HSC exhaustion. However, multiple studies have shown that serial transplantation is limited, 
suggesting stem cell exhaustion1-10. It has been documented that serial transplantation results in a 
permanent loss of self-renewal capacity, which is cell dose dependent10-12. Also, functional decline 
increases with repeated serial transfers2,3,6,8,13,14. In a competitive repopulation assay, serially 
transplanted stem cells showed impaired self-renewal, already after the ﬁrst transplantation8,15. 
HSCs showed limited self-renewal when either puriﬁed HSCs15 or unfractionated bone marrow cells 
were used8,9. Most of these studies have suggested that the limit to serial transplantation is caused 
by exhaustion of stem cells, but this has been challenged by more recent experiments in which it 
was argued that the engraftment defect results from an increasingly smaller number of stem cells 
transplanted (i.e., in vivo dilution of stem cells)10. In addition, it has been proposed that artifacts of 
the serial transplantation procedure, such as residual injury caused by removal of the HSCs from 
their natural environment8,9, might cause the decline in self-renewal capacity. This hypothesis was 
challenged by experiments in which animals, except for one hind limb, were repeatedly irradiated. 
Due to repeated stress caused by repopulation of irradiated marrow spaces, self-renewal capacity 
of the shielded bone marrow remained depressed and did not recover with time16. However, it is 
possible that, in conjunction with repeated proliferative stress in these shielding studies, forced cell 
migration and potential loss of stem cell niches contributed to decreased stem cell functioning.
In the study reported here, we assessed whether an intrinsic, genetic program exists that leads to stem 
cell exhaustion in serial transplantation models. To this end, we estimated the maximal number of 
cobblestone area-forming cell (CAFC) d35 population doublings in two genetically distinct mouse 
strains, C57BL/6 (B6) and DBA/2 (D2) mice, which differ with respect to numerous HSC traits17-
20. During normal aging the number of stem cells and their repopulating ability after transplant 
decreased in D2 mice, whereas these parameters increased in B6 mice17,19,21-27. Intriguingly, D2 
mice have a shorter life span than B6 animals have28. The presence of a mitotic clock operating in 
proliferating cells and potentially limiting the lifespan of cells in culture has been a topic of much 
debate ever since it was ﬁrst postulated by Hayﬂick29,30. This applies, in particular, to the relevance 
of such a putative clock in limiting organismal lifespan. Since adult somatic stem cells have a key 
role in replenishing tissues, it is interesting to speculate that conservation of stem cell functioning 
during normal aging extends lifespan.
In the present study we used two distinct transplantation models, unfractionated bone marrow 
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BM) cells or highly puriﬁed Lin-Sca-1+c-kit+ (LSK) cells, to estimate the maximal number of 
CAFC d35 population doublings following serial transplantation. Using unfractionated BM, the 
number of transplanted stem cells can only be assessed retrospectively, increasing the likelihood 
that HSC dose varies from one transplant to the other, potentially resulting in stem cell dilution. 
This problem is partly controlled by using highly puriﬁed stem cells, although it has been shown 
(and was conﬁrmed in the current study) that functional activity per stem cell, based on phenotype 
(Lin-Sca+c-kit+) declines in serial transplantations. Finally, we tested whether BM cells isolated 
from a young donor were able to engraft in recipients that were previously reconstituted with 





Serial transplantations were carried out using C57BL/6OlaHsD (B6) and DBA/2OlaHsD (D2) 
female recipients and male donors. Animals were purchased from Harlan (Horst, The Netherlands) 
and were used at an age of 6-8 weeks. The initial transplantations were carried out using male 
donors and female recipients. Although a mild immune response potentially can be elicited against 
the H-Y antigen31, this is not observed in severely conditioned recipients (we used 9.5 Gy total 
body irradiation). Enhanced green ﬂuorescent protein (eGFP) transgenic C57BL/6 mice32,33 were 
originally purchased from the Jackson Laboratory (Bar Harbor, ME), and were further bred under 
speciﬁc pathogen-free conditions in the Central Animal Facility of the University of Groningen.
 
Serial transplantations
Bone marrow cells were isolated from both femora. Single-cell suspensions were obtained by 
ﬂushing each femur three times, and the total number of nucleated cells was assessed using a 
Coulter Counter (Coulter Electronics, Dunstable, England). Prior to puriﬁcation of HSCs, a 
standard NH
4
Cl erythrocyte lysis was performed. Subsequently, cells were incubated with 5% 
normal rat serum for 15 minutes at 4°C, after which cells were stained with biotinylated lineage-
speciﬁc antibodies (anti-B220, anti-Gr-1, anti-Mac-1, anti-TER-119, and anti-CD3e), ﬂuorescein 
isothiocynate (FITC)-anti-Sca-1, and Allophycocyanin (APC)-anti-c-kit (all antibodies from 
Pharmingen, San Diego, CA) for 40 minutes at 4°C. Cells were subsequently incubated with 
Streptavidin-PE (Pharmingen) for 40 minutes at 4°C and strained through a 35-μm cell strainer 
(Becton Dickinson, Bedford, MA), after which cells were puriﬁed using a MoFlo ﬂow cytometer 
(DakoCytomation, Fort Collins, CO). The clearly distinct Sca-1+c-kit+ population among the 5% 
of the BM cells showing the least phycoerythrin (PE) ﬂuorescence intensity was selected. Sorting 
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gates were determined based on normal BM cells, and were not changed when serially transplanted 
samples were analyzed. Recipients were lethally irradiated (9.5 Gy) using an IBL 637 Cesium-137 
γ source (CIS Biointernational, Gif-sur-Yvette, France) 24 hours prior to transplantation of either 
4 × 106 unfractionated BM cells or 1,500 sorted Lin-Sca-1+c-kit+ (LSK) cells. Two independent 
sets of experiments were performed with LSK cells. At 4-6 months after each transplantation, 
recipients were sacriﬁced, bone marrow was collected, and the entire procedure was repeated with 
transplantations in a new group of lethally irradiated recipients. Both transplantation models were 
initiated with 6-12 recipients. Due to lack of cells and loss of survival of recipients, in selected 
groups, fewer recipients were used in later transplantations.
 
CAFC assay
In vitro limiting dilution type long-term BM cultures were used to assess clonogenic activity in 
unfractionated and puriﬁed cell fractions. To this end, the CAFC assay was performed, as described 
previously17,34.Whereas committed progenitors form colonies 7-14 days after culture initiation, the 
most primitive hematopoietic cell subsets appear late (i.e., after 35 days) in culture35.
 
Determination of donor cell contribution after serial transplant
To verify donor-derived hematopoiesis, the presence of the Y-chromosome in individual progenitor 
cell colonies was assessed at various time points. To this end, methylcellulose colony-forming 
unit granulocyte-macrophage (CFU-GM) cultures were initiated. After 7 days of culture DNA 
was isolated from individual colonies, as described previously19. To assess the presence of the 
Y-chromosome, a 20-μl polymerase chain reaction (PCR) (10 minutes at 95°C; 50 cycles of 30 
seconds at 94°C, 30 seconds at 60°C, 30 seconds at 72°C; 10 minutes at 72°C) was performed 
using a PerkinElmer GeneAmp PCR system 9700 (PerkinElmer Corp., Norwald, CT) and Y-
chromosome-speciﬁc primers (Isogen Bioscience B.V., Maarssen, The Netherlands); YMT2/B1 
5’-CTG GAG CTC TAC AGT GAT GA-3’ and YMT2/B2 5’-CAG TTA CCA ATC AAC ACA 




To determine in vivo reconstituting potential, peripheral white blood cell numbers were counted 
using a Coulter Counter (Coulter Electronics), and, after serial transplantation was performed, 
hematocrits were obtained.
Competitive repopulating assays were carried out in two distinct settings. First, 4 × 106 B6 BM 
cells that had been serially transplanted ﬁve times were mixed with an equal number of BM cells 
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that were freshly isolated from young eGFP+ transgenic B6 donors32,33, and both cell populations 
were co-transplanted in lethally irradiated B6 recipients. At various timepoints after transplant the 
levels of eGFP+ leukocytes in the peripheral blood was quantiﬁed using ﬂuorescence-activated 
cell sorter (FACS) (FACSCalibur, Becton Dickinson, Palo Alto, CA). Second, to address the issue 
whether the engraftment defect of serially transplanted BM was due to a homing defect, lethally 
irradiated B6 recipients were reconstituted with 5× serially transplanted BM cells alone, and after 3 
months the freshly isolated BM cells from young eGFP+B6 donors were infused, without additional 
conditioning.
 
Bone marrow transplantations in nonirradiated young and aged 
recipients
Four to ﬁve million unfractionated BM cells isolated from 6- to 8-week-old female eGFP+ donors 
were infused intravenously in nonirradiated, normal, healthy, young (<6 months old) or aged 
(>16 months old) wild-type B6 recipients. Transplantations were repeated every 2 months. Prior 
to each transplant, the presence of eGFP+ leukocytes in the peripheral blood was assessed by 
ﬂowcytometry.
Survival of old, transplanted recipients was compared with a cohort of aged-matched non-
transplanted animals, housed under the same conditions.
 
Quantiﬁcation of expansion and the number of stem cell population 
doublings
The total number of CAFC d35 present in the whole animal at the moment of sacriﬁce was calculated 
from the number of CAFC d35 present in one femur, assuming that one femur represents 6% of the 
total marrow36,37. The fold expansion of the CAFC d35 was calculated by assessing the total number 
of CAFC d35 present per animal and dividing this number by the number of infused CAFC d35 
some 4-6 months earlier. The actual number of CAFC d35 population doublings was calculated by 
the algorithm: (2n = fold expansion), in which n = the number of population doublings38.
 
Statistical analysis
During serial transplantation, BM cells of recipients were pooled and CAFC cultures were initiated. 
The entire set of serial transplantations using puriﬁed HSCs was repeated twice. Values of the two 
independent experiments of LSK transplants were averaged and the SEM was calculated. Kaplan-
Meier survival analysis was done of aged mice that received repetitive eGFP+ transplantations 
and of the non-treated controls. Differences in survival were tested for signiﬁcance using a log-
rank test. Statistical analysis was performed using SPSS statistical package. Student’s t-test was 
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Survival after serial transplantation
 
Puriﬁed HSCs failed to sustain long-term survival of lethally irradiated recipients after four 
transplantations (Table 4.1). Survival was better in recipients transplanted with unfractionated BM 
cells. The transplantations of highly puriﬁed HSCs ended after the fourth step; due to survival of 
too few recipients, isolation of sufﬁcient numbers of LSK cells for further transplantation could 
not be achieved.
 
Table 4.1. Percentage survival of recipients after serial transplantation with highly 
puriﬁed hematopoietic stem cells (HSCs) or unfractionated bone marrow (BM) cells.
Highly puriﬁed HSCsa Unfractionated BM cells
Transplantation D2 B6 D2 B6
1 100 (n=18) 100 (n=18) 100 (n=6) 100 (n=6)
2 85 (n=13) 83 (n=18) 83 (n=6) 100 (n=6)
3 93 (n=14) 82 (n=17) 100 (n=6) 83 (n=6)
4 50 (n=6) 50 (n=10) 67 (n=6) 100 (n=6)
5 n.d. n.d. 100 (n=3) 100 (n=6)
 
For serial transplantation either 1,500 highly puriﬁed HSCs or 4 × 106 unfractionated BM cells were injected. 
The number of animals used in each experiment is indicated in parenthesis.
aData of two independent experiments.
Abbreviation: n.d., not done.
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Evaluation of donor contribution
When puriﬁed HSCs are serially transplanted in B6 mice, it has been shown that donor-derived 
stem cells are abruptly lost after the 4th transplantation39. Although in our current study, we did not 
directly quantify donor stem cell chimerism in animals transplanted with puriﬁed cells, severe loss 
of stem cell quality after four transplantations was also evident, suggesting stem cell exhaustion 
(Table 4.1).
 
Figure 4.1. Assessment of donor contribution by screening individual colony-forming unit granulocyte-
macrophage (CFU-GM) colonies for Y-chromosome sequences. Representative gel electrophoresis results 
of polymerase chain reaction (PCR) products of Y-chromosome sequences (342 bp) are shown. A. Donor 
contribution after three transplantations of unfractionated bone marrow (BM) cells. In total, 22 colonies 
were analyzed, of which 21 were positive (95.5%), both in D2 and B6 mice. B. Donor contribution after six 
serial transplantations of unfractionated BM cells. In D2 mice 2 out of 30 colonies (7%) were male-derived, 
whereas in B6 mice 4 out of 30 (13%) of the CFU-GM colonies were male-derived.
 
In recipients transplanted with unfractionated BM cells we did assess the percentage of original 
male donor cells by detection of Y-chromosome-speciﬁc sequences in individually isolated CFU-
GM colonies after the third and sixth transplantation. After the third transplantation, >95% of the 
progenitors were of donor (male) origin in both D2 and B6 mice (Figure 4.1A). In contrast, after 
the sixth transplantation, only few colonies (<15%) were donor-derived (Figure 4.1B), indicating 
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Figure 4.2. Cobblestone area-forming cell (CAFC) d35 frequencies after serial transplantation of 1,500 
Lin-Sca-1+c-kit+ (LSK) cells or unfractionated bone marrow (BM) cells and frequencies, and clonogenic 
CAFC d35 activity of sorted LSK cells after serial transplantation. A. CAFC d35 frequencies during 
serial transplantation of 1,500 highly puriﬁed hematopoietic stem cells (HSCs). The ﬁrst data points refer to 
CAFC d35 frequencies in primary donors. Data represent CAFC d35 frequency per 105 BM cells in donors 
after the ﬁrst, second, third, fourth, or ﬁfth transplant, respectively Data are derived from two independent 
experiments. B. CAFC d35 frequencies during serial transplantation of 4 × 106 unfractionated BM cells. C. 
Percentage LSK cells in the BM of recipients serially transplanted with 1,500 LSK cells (average of two 
experiments). D. LSK cells were puriﬁed from BM of recipients serially transplanted with 1,500 LSK cells, 
and their in vitro CAFC d35 clonogenic activity was calculated. CAFC d35 frequencies are shown + 95% 
conﬁdence interval (average of two experiments). Overlapping 95% conﬁdence intervals imply no signiﬁcant 
differences.
Such a gradual loss of donor-derived stem cells and recurrence of recipient hematopoiesis after serial 
transplantations, as we report here, has been observed in previous studies in which unfractionated 
BM cells were used10.
As no substantial part of the hematopoietic system was derived from the original male donor after 
the sixth transplantation, the ones using unfractionated BM were ended after the ﬁfth transplant.
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Stem cell numbers after serial transplantations
When 1,500 puriﬁed HSCs were transplanted, a continuous decrease of CAFC d35 frequencies in 
D2 mice was observed (Figure 4.2A). In contrast, frequencies in B6 mice increased at ﬁrst, and 
only after three transplantations was a severe decline noted. Using unfractionated BM, CAFC d35 
frequencies decreased in B6 mice, but again, more dramatically in D2 animals after the ﬁrst three 
transplantations (Figure 4.2B). Hereafter, the frequency continued to decline for D2, but stabilized 
in B6 mice. The decline of CAFC d35 frequency in combination with lack of donor contribution 
clearly indicates functional exhaustion of stem cells.
In conjunction with a decline in cobblestone area-forming ability, a gradual decrease of the 
percentage of LSK cells as identiﬁed by FACS was observed (Figure 4.2C). No difference was 
seen between the frequency of LSK cells in D2 and B6. The decline of the percentage LSK cells 
in the BM of the recipients resulted in a gradual reduction of the total LSK pool size per animal 
(data not shown). In addition, in B6 mice a minor decrease was observed for the clonogenic CAFC 
d35 activity of the puriﬁed cells, until a sudden drop after the fourth transplant (Figure 4.2D). 
This suggests severe functional impairment of these serially transplanted HSCs. In D2 mice, 
the clonogenic activity returned to normal levels after a small decline after the ﬁrst and second 
transplant.
 
Competitive in vivo assays
Although it has been well documented that during normal, unperturbed hematopoiesis there is 
a strong overlap between LSK FACS phenotype, in vitro functional CAFC activity, and in vivo 
long-term repopulating ability, this correlation is not always evident in speciﬁc experimental 
conditions in which the system is perturbed, such as serial transplantations15. Therefore, to conﬁrm 
functional stem cell decline measured by FACS (Figure 4.2C) or CAFC potential (Figure 4.2A-B, 
D), we mixed 5× serially transplanted unfractionated B6 BM cells with an equal number of freshly 
isolated eGFP+ young BM cells, and co-transplanted both cell populations in lethally irradiated B6 
recipients. Although 5× serially transplanted BM, which consist of a mixture of original donor cells 
and irradiated recipients, possessed substantial numbers of CAFC d35 (Figure 4.2B), there was no 
evidence of any in vivo stem cell activity when transplanted with similar numbers of CAFC d35 
derived from young competitors (Figure 4.3A). However, when 5× serially transplanted BM was 
transplanted without competitors (i.e., a 6th transplant), all recipients survived, clearly documenting 
that remaining stem cells were present and engrafted (Figure 4.3B). To further illustrate that after 
serial transplantations stem cells have acquired a dramatic competitive defect when compared with 
freshly isolated BM that is not due to a difference in homing, we transplanted, without further 
conditioning, eGFP+ unfractionated BM cells in animals that had received a transplant of 5× 
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serially transplanted BM cells 3 months earlier. Freshly isolated BM cells engrafted very rapidly 
in these recipients, and hematopoiesis converted fully to an eGFP+ genotype (Figure 4.3B), which 






Figure 4.3. Competitive repopulation assays of serially transplanted bone marrow (BM) cells. A. 4 × 
106 ﬁve times serially transplanted B6 BM cells were co-transplanted with 4 × 106 young B6-enhanced green 
ﬂuorescent protein (eGFP) BM cells in lethally irradiated B6 recipients (n = 6). Levels of donor-derived eGFP+ 
cells were quantiﬁed (solid circles). A control group was lethally irradiated, and was transplanted with 4 × 106 
young B6-eGFP BM cells only (open squares) (n = 4); the level of donor-derived eGFP contribution in these 
recipients represents full engraftment (~15% of the leukocytes remains GFP negative even in the transgenic 
donors). B. Five times serially transplanted B6 BM cells were transplanted in a lethally irradiated recipient. 
At 100 days after transplantation, 4 × 106 B6-eGFP BM cells were infused without additional conditioning 
(solid triangles) (n = 11). Control animals (n = 4) received only eGFP+ cells (open squares) as is shown in 
Figure 4.3A.
Hematopoietic stem cell exhaustion
100
Calculating stem cell expansion
One of the aims of this study was to estimate the total number of population doublings of HSCs. 
Clearly, such calculations require assumptions, and are affected by choice of the assay. It has 
been shown previously (and this was conﬁrmed in the present study, Figure 4.2C-D) that FACS 
phenotype is not very appropriate, as functional activity of phenotypically identical cells is highly 
affected by serial transplantations15. In vivo competitive repopulation assays have been used 
frequently, and are very informative. However, in our current study we show that although serially 
transplanted BM cells may have no competitive repopulating potential, they may still contain stem 
cells, as they repopulate recipients when transplanted alone (Figure 4.3A-B), and stem cell activity 
in these cells was detected by the CAFC assay (Figure 4.2B). Therefore, although we do not claim 
that the CAFC assay is superior to other assay models in all circumstances, it was deemed valuable 
in the context of the current experiments.
The actual expansion of CAFC d35 after each transplant was calculated by dividing the total number 
of CAFC d35 present in the bone marrow in the entire mouse 4-6 months after transplantation, by the 
number of CAFC d35 infused (Figure 4.4). Expansion of D2 CAFC d35 was stable (approximately 
30-fold) during each serial transplantation of 1,500 LSK cells (Figure 4.4A). Expansion of B6 
CAFC d35 started at a much higher value (approximately 700-fold) but decreased rapidly with each 
transplant (Figure 4.4A). During serial transplantation of unfractionated BM, the expansion of D2 
CAFC d35 was again stable (approximately 15-fold), similar to transplanting puriﬁed LSK cells 
(Figure 4.4B). Expansion of B6 CAFC d35 increased during the ﬁrst three transplants from 23-fold 
to 114-fold but dropped after the third transplant to ultimately 81-fold during the ﬁfth transplant. 
The total cumulative expansion, which is the product of the expansion after each transplant, was 
dramatically higher (>1,000-fold) in B6 mice compared to D2 mice, but similar whether puriﬁed 
LSK cells or unfractionated BM was used. (Figure 4.4C-D). 
The number of CAFC d35 self-renewing population doublings was estimated after three 
(a timepoint when stem cells were >95% donor-derived) and ﬁve transplants (Figure 4.5). 
Remarkably, the same maximum number of population doublings was reached when either highly 
puriﬁed HSCs or unfractionated BM was used for serial transplantation. However, the maximum 
number of population doublings for B6 to be approximately 30, D2 stem cells could undergo only 
approximately 20 population doublings. The strain differences were already apparent after three 






Figure 4.4. Expansion of cobblestone area-forming cell (CAFC) d35 during serial transplantation of 
highly puriﬁed hematopoietic stem cells (HSCs) or unfractionated bone marrow (BM) cells. A. Total in 
vivo expansion of CAFC d35 was calculated in B6 and D2 mice after each serial transplantation of highly 
puriﬁed HSCs (mean values of two experiments). The expansion per transplant of B6 and D2 showed a 
signiﬁcant difference (p = .04) B. Total in vivo expansion of CAFC d35 after each serial transplantation of 
unfractionated BM cells. Again, a signiﬁcant difference (p = .01) was found between the fold expansion per 
transplant of B6 and D2. No signiﬁcant difference (p > .05) was observed between fold expansion when 
unfractionated BM cells or highly puriﬁed HSCs were used for serial transplantation for both B6 and D2. C. 
Cumulative CAFC d35 expansion in D2 and B6 mice serially transplanted with highly puriﬁed HSCs. Total 
cumulative expansion after four transplants was 5.2 × 105 in D2 mice and 4.2 × 108 in B6 mice (average 
of two experiments). D. Cumulative CAFC d35 expansion in D2 and B6 mice serially transplanted with 
unfractionated BM cells. Total cumulative expansion after ﬁve transplants was 1.2 × 105 in D2 mice and 7.5 
× 108 in B6 mice. Mean values are shown.
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Figure 4.5. Maximum number of self-renewal population doublings in D2 and B6 mice. The total number 
of cobblestone area-forming cell (CAFC) d35 self-renewal population doublings was calculated using the 
formula [2n = the fold expansion], in which n is number of self-renewal divisions. Data shown in Figure 
4.4 were used for this calculation. Calculations were carried out after four transplantations (average of two 
experiments) for puriﬁed HSCs and after three (at a time when the stem cell compartment was shown to be 
completely donor-derived) and ﬁve transplantations for unfractionated bone marrow (BM) cells. Differences 




Figure 4.6. Transplantation of young bone marrow (BM) cells in unconditioned, young and aged 
recipients. A. Young (<6 months) (n = 12) or old (>16 months) (n = 50) B6 recipients received three consecutive 
transplants, without conditioning, of 4 × 106 young B6-enhanced green ﬂuorescent protein (eGFP)-positive BM 
cells. Contribution of eGFP+ leukocytes in the peripheral blood was assessed 2 months after the last transplant. 
B. Levels of donor-derived chimerism in aged, unconditioned recipients after repetitive transplantations of 
young B6-eGFP+ BM cells. Arrows below the ﬁgure indicate time points of transplantations. C. Kaplan-Meier 
survival analysis of mice that were repetitively transplanted, starting at 16 months of age, with young B6-
eGFP+ BM cells (n = 50), and the non-transplanted control mice (n = 19).
Hematopoietic stem cell exhaustion
104
Stem cell functioning during normal aging
Most, if not all, HSC aging studies have tested the effect of replicative history on HSCs in 
transplantation assays, which require irradiation of the recipient. In fact, it has been suggested 
previously that an important part of the defect of serially transplanted HSCs is a direct result of 
the transplant procedure as such9. To determine whether a stem cell defect could also be observed 
during normal aging, we transplanted freshly isolated eGFP+ young BM cells, harvested from 2-
month-old donors into normal, unconditioned young (<6 months) and old (>16 months) recipients. 
As expected, this strategy did not result in detectable levels of engraftment in the peripheral blood 
in nonconditioned young recipients. In contrast, however, eGFP+ donor-derived leukocytes were 
readily detectable, albeit at low levels, in the majority of the old recipients (Figure 4.6A). Repeated 
transplantations resulted in further increases of donor-type engraftment (Figure 4.6B), which was 
multilineage (Gr-1+, Mac1+, B220+, CD3+, data not shown).
When we compared survival statistics of mice that received 4 × 106 eGFP+ young BM cells every 2 
months after they had reached 16 months of age with a cohort of non-transplanted control animals, 
there was a tendency for the transplanted group to live longer, but extension of lifespan did not 
reach statistical signiﬁcance (Figure 4.6C, p = .108).
 
Discussion
In this study we assessed whether there is a limit to the number of population doublings that 
HSCs can undergo. To this end, serial transplantations were performed using either unfractionated 
BM cells or highly puriﬁed HSCs. We observed exhaustion of stem cells, decreased stem cell 
clonogenic activity, reduced competitive repopulating activity, and impaired peripheral blood cell 
recovery, ultimately leading to decreased survival of recipients. We estimate that B6 stem cells 
(CAFC d35) are able to undergo 30 population doublings, whereas D2 cells are exhausted after 20 
population doublings. This ultimately results in a 1,000-fold difference in expansion potential. Our 
results show that the maximal number of stem cell self-renewal divisions is ﬁnite and genetically 
determined.
Clearly, these values are an approximate estimate of stem cell self-renewal capacity. First, we 
have shown that recipient cells contribute to hematopoiesis in the ﬁnal serial transplantations, 
which interferes with our calculation. Second, our estimate is assay-dependent and holds true 
when CAFC d35 are used as endpoints. This is illustrated by lack of engraftment in competitive 
assay while CAFC d35 activity was still observed. Finally, our estimate only applies to the entire 
population of cells, and we cannot rule out that individual, single HSCs can exceed this threshold. 
Importantly, the ﬁrst two arguments imply that our calculations are an overestimate of the true 
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self-renewal potential of the HSC population. It is unlikely that these limits of the ampliﬁcation 
potential are reached during normal aging. To put this into perspective, in a study where B6 stem 
cells were labeled in vivo by BrdU, it has been shown that it takes ~2 months before >99% of all 
HSCs have undergone a cell division40. This would suggest that during their entire lifespan (mean 
lifespan ~28 months) HSCs undergo ~14 divisions.
Nonetheless, our data clearly reveal that young BM cells provide multilineage engraftment in 
aged (>16 months) recipients, as well as in recipients of ﬁve time serially transplanted BM cells. 
As this was not observed in young recipients, we believe that these engraftment levels indicate 
a functional defect of endogenous stem cells in old mice and in serially transplanted BM cells. 
However, this stem cell defect is very mild in aged recipients, and, consequently, the levels of 
engraftment are modest. Therefore, we were not surprised that repeated cell transfer did not 
extend lifespan, although the trend that we observed is intriguing. Much larger groups of mice 
will be needed to rigorously test the lifespan-extending potential of HSC transplantations. In 
addition, B6 mice may not be the most optimal model to test this, as these mice are relatively 
age-resistant. Interestingly, it has recently been shown that caloric restriction, currently the only 
effective way to extend lifespan in rodents, preserves stem cell function in old BALB/c mice41. 
A number of potential explanations for stem cell exhaustion may be coined, among which the 
hypothesis of telomere loss during cell division is the most frequently supported one. Decreased 
telomere length of stem cell chromosomes after each transplant is a potential mechanism that 
could limit the maximum number of self-renewal divisions. It has been postulated that loss of 
telomeric DNA with age might function as a mitotic clock during normal aging42,43 as well as 
during serial transplantation of HSCs44. In addition, an association has been made between the 
self-renewal potential of HSCs and telomerase activity45. Importantly, stem cells isolated from 
telomerase (mTERT)-deﬁcient mice can only be serially transplanted twice. This is accompanied 
by a rapid decline in telomere shortening in HSCs and reduction of long-term repopulating 
capacity39,46. However, although HSCs overexpressing mTERT showed maintenance of telomere 
length after serial transplantation, no extended replicative capacity was observed compared to 
wild-type mice47. Recently, it has been suggested that telomere length as such is less important 
for the process of aging than speciﬁc molecular alterations in telomere structure during aging48,49. 
The role of telomere shortening and telomerase activity in HSCs of mice is further obscured as 
mice have longer telomeres than humans50. With respect to our current results, it is unlikely that 
telomere erosion contributes to the reduced self-renewal ability of D2 HSCs as D2 animals have 
longer telomeres than B6 mice have51.
Another process that might affect in vivo stem cell self-renewal is proliferative activity of 
hematopoietic cells, which is consistent with a previously suggested model that proliferation leads 
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to loss of stem cell quality52. The higher cycling activity of D2 progenitor cells might lead to 
more rapid exhaustion of D2 HSCs17. However, although D2 CAFC d35 made fewer self-renewing 
population doublings, we did not observe faster exhaustion of these cells, so other mechanisms 
are involved as well. Theoretically, HSCs have the option to either differentiate, self-renew, or 
die. During steady-state hematopoiesis the self-renewal probability is .5. We speculate that D2 
HSCs, during serial transplantation, have a preference to differentiate rather than to self-renew. 
This would explain that, although there is a lower expansion per transplant and a lower number of 
maximal population doublings, the white blood cells and hematocrit in D2 mice are stable for a 
sustained period of time. Therefore, a reduced self-renewal probability (p < .5) to sustain blood cell 
counts would result in lower expansion. In agreement, it has been shown that peripheral blood cell 
counts are a poor indicator of marrow stem cell reserve11,53. A decreased preference of D2 HSCs 
to self-renew would also explain the gradual decrease of stem cells in D2 mice during normal 
aging, whereas stem cell numbers increase in B6 mice22,23,54. Moreover, it provides a plausible 
explanation for the skewing of D2 and B6 leukocyte contribution in D2-B6 chimeras in favor of 
B6 stem cells19,24.
In conclusion, our data clearly establish that maximum self-renewal capacity of HSCs is genetically 
controlled. The genetic balance between differentiation and stem cell self-renewal may affect stem 
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Recently, several studies have suggested that p21, a prominent member of the family of cyclin-
dependent kinase inhibitors, plays a crucial role in regulating hematopoietic stem and progenitor 
pool size. However, a rigorous test analyzing p21-/- stem cells in competitive repopulation assays 
has not been performed. In the present study we have backcrossed a p21 null allele from mice with 
a mixed genetic background to inbred C57BL/6 mice. As expected, mouse embryonic ﬁbroblasts 
derived from B6p21-/- mice failed to undergo senescence. In contrast, homozygous deletion of 
the p21 allele did not affect the percentage of Lin- Sca-1+ c-kit+ (LSK) cells in S-phase, and did 
not result in any alterations of in vitro cobblestone area forming cell activity. Most importantly, 
B6p21-/- stem cells had completely normal competitive repopulating activity for up to 1 year 
after transplant. Also, no difference in stem cell pool size or competitive repopulating ability was 
observed after serial transplantation. Our data fail to support the notion that p21 is essential for 




The genetic pathways that regulate the pool size of the hematopoietic stem cell compartment in the 
bone marrow have remained poorly understood. Whereas a large family of hematopoietic growth 
factors has been shown to be strongly involved in maintaining peripheral blood cell counts, only 
few cytokines have been identiﬁed that have an effect on the number of stem cells in vivo 1-
3. Rather, intracellular proteins such as transcription factors and chromatin remodelling factors 
have been shown to deregulate stem cell numbers4-6. Recently, a series of studies has suggested 
that deﬁciency of cyclin-dependent kinase inhibitors, such as p27, p18, and p21, also results in 
stem or progenitor cell abnormalities7-9. Cyclin-dependent kinase inhibitors have been shown to be 
associated with cellular senescence of ﬁbroblasts10,11, and are believed to be involved in stem cell 
quiescence in the hematopoietic system7-9. Whereas absence of p27 appears to increase the number 
of progenitor cells8, p18 and p21 deﬁciency has been documented to induce stem cell expansion7,9. 
In competitive repopulation assays in which wildtype bone marrow cells were competed with p18-/- 
cells in equal ratios, the large majority of white blood cells in the recipients was of p18-/- genotype. 
It should be noted, however, that competitive repopulation assays using p18 deﬁcient bone marrow 
cells were performed with mice of mixed 129/Sv (129) and C57BL/6 (B6) background. As it is 
well known that different inbred strains of mice show widely divergent stem cell characteristics12, 
the mixed genetic background of donor and recipient strains may confound, or indeed obscure, 
potential stem cell phenotypes.
It has been documented that p21 deﬁciency leads to an increased number of late developing 
cobblestone area forming cells7. Furthermore, serial transplantation using p21-/- cells resulted in 
premature stem cell exhaustion, and p21-/- animals were more sensitive to the S-phase speciﬁc 
cytotoxic drug 5-ﬂuorouracil. Because of the mixed genetic background, long-term repopulation 
assays in which p27 or p21 deﬁcient bone marrow cells were competitively transplanted with 
syngeneic wildtype bone marrow cells have not been performed yet. To assess the role of p21 in 
regulating stem cell activity during steady state hematopoiesis, we have backcrossed the p21 null 
allele to a B6 background and performed standard competitive repopulation assays in primary 
and secondary transplantations, in which various cell doses of CD45.2 B6p21-/- cells were co-
transplanted with congenic CD45.1 B6 cells.





B6;129S2-Cdkn1atm1Tyj (B6/129p21-/-) were purchased from The Jackson Laboratory (Bar Harbor, 
ME). Wildtype female C57BL/6 (B6wt) mice were purchased from Harlan (Horst, The Netherlands) 
and were used to backcross B6/129p21-/- mice, and as recipients for competitive repopulation. After 
5 backcrosses littermate B6p21+/+, B6p21+/-, and B6p21-/- mice were selected by genotyping as 
described7. Eight to twelve weeks old C57BL/6 mice were used for serial transplantation (Harlan). 
For competitive repopulation assays B6.SJL-PtprcaPep3b/BoyJ (CD45.1) congenic mice (bred 
locally) were used as competitors.
 
Cell culture
Mouse Embryonic Fibroblasts (MEFs) were derived from 14-day-old embryos as described 





)/log2 in which n
f
 = ﬁnal number of cells and n
i
 is initial number of cells14. 
Bone marrow (BM) cells were isolated and cobblestone area forming cell (CAFC) assays were 
performed as described previously15
 
Cell cycle analysis
Lin-Sca-1+c-kit+ (LSK) bone marrow cells were stained according to a four color method for cell 
selection and DNA analysis16 with some modiﬁcations. Brieﬂy, after erythrocyte lysis cells were 
stained with a cocktail of lineage speciﬁc antibodies, anti-c-kit-Allophycocyan (APC), and anti-Sca-
1-phycoerythrin (PE) antibodies (Pharmingen, San Diego, CA). After staining with Streptavidin 
Alexa 488 (Molecular Probes, Eugene, OR) cells were ﬁxed with 0.1% para-formaldehyde and 
permeabilized with 0.1% saponine for 15 min at room temperature. Cells were subsequently 
resuspended in 0.5 ml PCB solution (6.1 M phosphate-citrate, 0.15 M NaCl, 5mM sodium EDTA, 
0.5% BSA and 0.02% saponin, pH 4.8) and 10 µg/ml 7-AAD (Sigma-Aldrich, St. Louis, MI) for 
DNA staining for 45 minutes. Cells were resuspended in PCB containing 10 µg/ml AD (Sigma-
Aldrich), and placed on ice protected from light for at least 10 minutes. Samples were analyzed by 
ﬂow cytometry (FACSCalibur, Becton Dickinson, Palo Alto, CA)
 
Competitive repopulation assays
B6wt recipients were lethally irradiated (9.5 Gy, IBL 637 Cesium-135 γ source, CIS Biointernational, 
Gif-sur-Yvette, France) 24 hours prior to transplantation. B6p21-/- and B6p21+/+ littermates were 
sacriﬁced, bone marrow (BM) cells were isolated and transplanted in various cell doses in 
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competition with 2 × 106 CD45.1 congenic BM cells (n = 4 mice per group). In addition, LSK cells 
were puriﬁed from BM of B6wt- and B6p21-/- mice as described previously17. Primary transplants 
were initiated with 1,500 LSK cells (n = 8 for B6wt and n = 5 for B6p21-/-). Four months after primary 
transplant, recipients were sacriﬁced, BM cells were isolated and serially transplanted in a 1:1 
ratio with 5 × 105 competitor BM cells (n = 6 for B6wt and n = 5 B6p21-/-). At several time points 
after transplantation leukocytes were stained with anti-CD45.1-PE and anti-CD45.2-ﬂuorescein 




Absence of senescence in B6p21-/- mouse embryonic ﬁbroblasts 
(MEFs)
Deﬁciency of p21 is associated with absence of a senescence phenotype in ﬁbroblasts18. In order 
to phenotypically conﬁrm the absence of the wildtype p21 allele (Figure 5.1A), MEFs were grown 
from d14 littermate embryos of each genotype and the number of population doublings was assessed 
(Figure 5.1B). MEFs derived from B6p21+/+ mice showed similar growth kinetics compared to B6wt 
MEFs, and ceased proliferation after 5 to 6 passages. MEFs derived from B6p21+/- mice showed 
an intermediate phenotype, whereas MEFs derived from B6p21-/- mice did not senesce and grew 
continuously. These data conﬁrm the established role of p21 in the senescence program of MEFs 
in vitro18.
 
In vitro stem cell activity of B6p21 deﬁcient bone marrow cells
We determined CAFC d35 frequencies in BM isolated from normal B6wt, B6p21-/-, and B6p21+/+ 
mice and in addition in B6wt and B6p21-/- BM isolated four months after primary transplant. We 
also measured CAFC frequencies in BM cells isolated from the original B6/129p21-/- mixed 
background strain, both at young (~3 months) and old (~21 months) age. We conﬁrmed the data 
by Cheng et al.7, who showed that young B6/129p21-/- mice have a substantial higher CAFC d35 
frequency compared to B6wt (Figure 5.1C). Strikingly, when B6/129p21-/- mice were aged for 20 
months, CAFC d35 frequency increased even further. We have previously shown that a similar 
increase can also be observed in aged B6wt mice19.
In contrast, when we backcrossed B6/129p21-/- animals to a B6 background, there was no effect 
of the absence of p21 on CAFC frequencies (Figure 5.1C). Moreover, B6wt and B6p21-/- stem 
cells also show similar CAFC frequencies four months after transplantation (Figure 5.1C). The 
observed (4.5-fold) decrease in CAFC frequency after transplantation was similar to values in 
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previous studies of serial transplantation17. In addition, we were unable to document any difference 
in peripheral blood cell values between B6wt and B6p21-/- mice (data not shown). As absence of 
p21 would be expected to be associated with increased cell cycling, we determined the percentage 
of LSK cells in the S-phase of the cell cycle (Figure 5.1D). We failed to document any difference 
between B6wt (9.4 ± 0.3, n = 25), B6p21-/- (5.4 ± 0.4, n = 3), B6p21+/- (4.3, n = 1), and B6p21+/+ 
(5.4 ± 2.4, n = 2) mice.
 
In vivo competitive repopulating activity of B6p21 deﬁcient bone 
marrow cells.
To conclusively assess the effect of p21 on hematopoietic stem cell functioning, we performed 
competitive repopulation assays in which various cell doses of CD45.2 B6p21-/- and B6p21+/+ bone 
marrow cells were competed with 2 × 106 CD45.1 congenic bone marrow cells. After transplant, 
B6p21-/- and B6p21+/+ bone marrow cells contributed equally well to long-term hematopoiesis 
(Figure 5.2A), and, observed levels of chimerism were in the expected range (Figure 5.2B).
Finally, BM cells isolated from primary recipients transplanted with 1,500 LSK cells four months 
earlier were competed in a 1:1 ratio with freshly isolated BM cells (CD45.1). After a temporary 
advantage for B6p21-/- BM cells 5 weeks after secondary transplantation, competitive repopulating 
ability was similar for B6p21-/- and B6wt stem cells (Figure 5.2C).
Collectively, our data fail to support the notion that p21 is an essential stem cell gene for steady 
state hematopoiesis. The in vitro p21-/- stem cell phenotype, as originally documented in 129p21-
/- mice7, appears to result from modiﬁer genes present in the mixed genetic background. However, 
we cannot exclude that a p21 stem cell phenotype is masked by modifying genes in B6wt mice, or 




Figure 5.1. In vitro phenotype of B6wt, B6p21-/-, B6p21+/-, and B6p21+/+ cells. A. Littermate mice were 
genotyped as described7, using an allele-speciﬁc PCR which results in a 750 bp product for the p21-/- allele 
and a 900 bp product for the p21+/+ allele. B. Growth kinetics of MEFs derived from B6wt (closed triangles), 
B6p21-/- (closed circles), B6p21+/- (grey triangles), and B6p21+/+ (open squares) day-14-embryos. As expected, 
B6p21+/+ derived MEFs showed equal growth patterns as B6wt MEFs, whereas B6p21-/- MEFs failed to display 
any signs of senescence. B6p21+/- MEFs showed an intermediate phenotype. Cultures were performed in 
triplicate and the mean value ± 1 SEM is shown. C. CAFC d35 frequencies in the bone marrow of B6wt, B6p21-
/- (both prior and after transplant), B6p21+/-, B6p21+/+, and original B6/129p21-/- mice are shown. B6/129p21-
/- mice showed increased CAFC d35 frequencies, as has been previously reported7. However, in backcrossed 
B6p21-/- mice no difference compared to B6wt could be observed. Also, no difference in CAFC frequencies 
four months after transplantation of 1,500 LSK cells was observed between B6wt and B6p21-/- mice (after 1st 
tpx). Aged (>20 months) B6/129p21-/- mice showed a 4-fold increase of CAFC d35 frequencies compared to 
young B6/129p21-/- mice. Error bars indicate 95% conﬁdence intervals. D. Representative DNA histogram 
used to assess cell cycle status of Lin-Sca-1+c-kit+ (LSK) stem cells. The percentage of LSK cells in S-phase 
for all strains used in this study is indicated. No signiﬁcant differences between strains were observed.





Figure 5.2. In vivo phenotype of B6p21-/- stem cells. A. B6p21-/- (closed symbols) and B6p21+/+ (open 
symbols) BM cells were mixed in a 1:4 (squares), 1:1 (triangles), or 2:1 (circles) ratio with 2 × 106 CD45.1 
congenic BM cells and transplanted in lethally irradiated recipient mice (B6wt, n = 5 in all groups). Chimerism 
levels remained stable for 1 year, over all cell doses tested. Moreover, identical competitive repopulation 
potential was observed using B6p21-/- or B6p21+/+ bone marrow cells, arguing against the presence of a 
competitive defect of B6p21-/- stem cells. Mean chimerism levels ± 1 SEM are shown. B. Closed bars indicate 
the expected levels of chimerism calculated from transplanted cell ratios, assuming equal repopulating ability 
of CD45.1, B6p21-/- and B6p21+/+ stem cells. For each cell ratio the mean observed level of chimerism (± 1 
SEM ) was calculated from the individual levels of chimerism over the entire time course of the experiment, 
as shown in panel A. No signiﬁcant difference between observed and expected chimerism was observed, again 
indicating similar repopulating potential of B6p21-/- and B6p21+/+ stem cells. C. Chimerism after secondary 
transplantation of B6wt and B6p21-/- BM cells. Four months after transplantation of 1,500 B6wt or B6p21-/- 
LSK cells, primary recipients were sacriﬁced and unfractionated BM cells were transplanted in a 1:1 ratio 
with 5 × 105 freshly isolated BM cells. Shortly after secondary transplantation a minor competitive advantage 
of B6p21-/- BM cells can be observed, but this is rapidly lost after 10 weeks after transplantation and donor 
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The molecular mechanism responsible for a decline of stem cell functioning after replicative stress 
remains unknown. We used mouse embryonic ﬁbroblasts (MEFs) and hematopoietic stem cells 
(HSCs) to identify genes involved in the process of cellular aging. In proliferating and senescent 
MEFs one of the most differentially expressed transcripts was Enhancer of zeste homolog 
2 (Ezh2), a Polycomb group protein (PcG) involved in histone methylation and deacetylation. 
Retroviral overexpression of Ezh2 in MEFs resulted in bypassing of the senescence program. 
More importantly, whereas normal HSCs were rapidly exhausted after serial transplantations, 
overexpression of Ezh2 completely conserved long-term repopulating potential. Animals that were 
reconstituted with three times serially transplanted control bone marrow cells all succumbed due to 
hematopoietic failure. In contrast, similarly transplanted Ezh2-overexpressing stem cells restored 
stem cell quality to normal levels. In a ‘genetical genomics’ screen we identify novel putative Ezh2 
target or partner stem cell genes that are associated with chromatin modiﬁcation. Our data suggest 




Hematopoietic stem cell (HSC) self-renewal is driven by both intrinsic and extrinsic factors, but 
the molecular mechanism specifying whether developmental potential is lost or retained during 
asymmetric cell divisions is unknown. Serial transplantation studies have clearly indicated that self-
renewal potential of HSCs is impaired after replicative stress1,2. HSC activity may be irreversibly 
lost in a single cell division3,4, indicating that the epigenetic regulation of gene expression, largely 
dictated by the histone code, may play an important role. Recently, substantial attention has focused 
on the role of Polycomb group (PcG) proteins in stem cell self-renewal. To date, two distinct 
Polycomb repressive complexes, (PRC) 1 and 2, have been identiﬁed. Mammalian PRC1 contains 
Cbx, Mph, Ring, Bmi1, and Mel185 and is thought to be important in the maintenance of gene 
repression. The second complex, PRC2, contains Ezh2, Eed, and Su(z)125 and is thought to be 
involved in initiation of gene repression. PcG complexes are targeted to cis-regulatory Polycomb 
response elements (PREs) by DNA-binding transcription factors.
The role of only few PcG proteins in murine hematopoiesis has been established. Mel-18 
negatively regulates self-renewal of HSCs since its loss leads to an increase of HSCs in G
0
, and 
to enhanced HSC self-renewal6. Mph1/Rae-28 mutant mice are embryonic lethal as HSC activity 
in these animals is not sufﬁcient to maintain hematopoiesis during embryonic development7. 
Bmi-1-/- HSCs derived from fetal liver were not able to contribute to long-term hematopoiesis in 
competitive repopulation experiments, demonstrating cell autonomous impairment of their self-
renewal potential8. In contrast, overexpression of Bmi-1 extends replicative life span of mouse and 
human ﬁbroblasts and causes lymphomas in transgenic mice9. Heterozygosity for a null allele of 
Eed caused marked myelo- and lymphoproliferative defects, indicating a negative regulation of 
cell cycle activity of both lymphoid and myeloid progenitor cells10. Eed, which is contained in the 
PRC2 complex, seems to have an opposite effect on hematopoiesis than proteins that are present 
in PRC1.
Deﬁciency of Ezh2, also present in the PRC2 complex, resulted in lethality at early stages of 
mouse development. Mutant blastocysts either ceased developing after implantation or failed 
to complete gastrulation11. Conditional deletion of Ezh2 in HSCs resulted in impaired T-cell 
generation after transplantation12. Expression levels of EZH2 increased with differentiation 
of bone marrow cells13. In contrast, EZH2 was downregulated upon differentiation of HL-
60 cells to mature granulocytes14. In humans EZH2 is commonly upregulated in different 
cancer types15-20. Inhibition of Ezh2 levels by antisense oligonucleotides or siRNA experiments 
lead to cell cycle arrest14,15,21. Recently, it has been shown that EZH2 is downregulated in 
senescent human ﬁbroblasts22, implying a role for EZH2 during cellular senescence.   
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During development, PcG protein complexes are thought to maintain long-term and heritable gene 
silencing through local alterations of the chromatin structure23. Methylation of the N-terminal tail 
of histone H3 causes stable conformational changes in chromatin that deﬁne the status of gene 
expression24,25. The Drosophila Enhancer of zeste [E(z)] protein contains histone methyltransferase 
(HMT) activity in its SET domain which is speciﬁc for lysines 9 and 27 of H326. It has been 
suggested that E(z) plays an important role not only in the establishment of PcG-speciﬁc methylation 
marks but also in their maintenance during replication, as well as after recruiting PRC127. E(z) null 
Drosophila showed general decondensation of chromatin28, reﬂected by increased chromosome 
breakage and a low mitotic index29. In mammalian cells, histone deacetylases (HDAC) 1 and 2 are 
also present in the Eed-Ezh2 complex30, suggesting that transcriptional repression of this complex 
is also mediated via histone deacetylation. In addition, PcG genes are known to play an important 
role in maintaining the silent state of Hox gene expression31. Overexpression of speciﬁc Hox genes 
resulted in increased HSC pool size32.
Although an important function for several PcG genes in hematopoiesis has been established, the 
role of Ezh2 has not yet been elucidated. In the current study, Ezh2 was identiﬁed as a senescence-
preventing gene in a genetic screen using young and senescent mouse embryonic ﬁbroblasts. 
Moreover, Ezh2 was abundantly expressed in highly puriﬁed HSCs and was rapidly downregulated 
upon differentiation. We established that overexpression of Ezh2 in HSCs fully preserves stem cell 
potential and prevents HSC exhaustion even after multiple rounds of serial transplantation. Finally, 





Timed pregnant female C57BL/6 mice were used to obtain 14 days postcoitus (p.c.) embryos 
from which mouse embryonic ﬁbroblasts (MEFs) were isolated. Eight- to twelve-week-old female 
B6.SJL-PtprcaPep3b/BoyJ (CD45.1) mice were used as donors for transplantation and were bred 
at the Central Animal Facility of the University of Groningen. Eight- to twelve-week-old female 
C57BL/6 (CD45.2) mice were purchased from Harlan (Horst, The Netherlands) and were used as 
recipients.
Mouse embryonic ﬁbroblasts (MEFs)
Day-14 p.c. embryos were mechanically dissociated into single cells and cultured in DMEM 
with 10% FCS and penicillin and streptomycin (Invitrogen, Breda, The Netherlands). MEFs 
were passaged every three to four days and viable cells were counted by trypan blue exclusion. 




Total RNA was isolated from passage 1 (young p1) and passage 5 (aged p5) MEFs with a RNeasy 
mini kit (Qiagen, Venlo, The Netherlands). During cDNA synthesis, samples were labeled with 
[33P]-dCTP (deoxycytidine triphosphate, MP Biochemicals, Irvine, CA, USA). Mouse ﬁlter gene 
arrays (GF400a, Research Genetics, Invitrogen) were hybridized and analysis was performed as 
described previously 34. In this screen Ezh2 expression levels were found to be > 2-fold higher in 
young MEFs compared to senescent MEFs. This expression pattern was veriﬁed by RT-PCR (3 
minutes at 94°C; 32 cycles of 30 seconds at 93°C, 30 seconds at 55°C, 30 seconds at 73°C; 10 
minutes at 72°C) using a PerkinElmer GeneAmp PCR system 9700 (PerkinElmer Corp., Norwald, 
CT) and Ezh2-speciﬁc primers (Isogen Bioscience B.V., Maarssen, The Netherlands); forward 
5-ACT TAC TGC TGG CAC CGT CT-3’ and reverse 5-TTC GAT GCC CAC ATA CTT CA-3’, 




The MIEV vector (a kind gift of Prof. Dr. C. Jordan, University of Rochester) contains an internal 
ribosomal entry site (IRES) sequence and the gene for enhanced green ﬂuorescent protein (eGFP). 
This MIEV vector served as a control and backbone for insertion of an Ezh2 cDNA upstream of the 
IRES, to create MIEV-Ezh2 vector (Figure 6.1D).
Ecotropic Phoenix packaging cells (Nolan Lab, Stanford, CA, USA) were transfected with 2 μg 
plasmid DNA using Fugene 6 (Roche, Basel, Switzerland) 24 hours after plating 3 × 105 cells 
per well in a 6-wells plate. Virus-containing supernatants from transfected ecotropic Phoenix 
packaging cells were used to infect MEFs and hemtatopoietic stem cells (HSCs).
 
Retroviral overexpression of Ezh2 in MEFs
MEFs were plated at a density of 105 cells per well in a 6-well plate 24 hours prior to transduction. 
Viral supernatant was harvested 48 and 72 hours after transfection and added to the MEFs along 
with 8 μg polybrene (Sigma, St. Louis, MO, USA). Three days later GFP+ cells were selected using 
a MoFlo ﬂow cytometer (DakoCytomation, Fort Collins, CO). The experiment was performed 
three times in triplicate.
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Retroviral overexpression of Ezh2 in hematopoietic stem cells
Primary bone marrow cells were transduced as previously described with some adjustments35. 
Brieﬂy, bone marrow cells were obtained from mice (CD45.1) injected i.p. with 150 mg/kg 5-
ﬂuorouracil (5-FU, Pharmachemie Haarlem, The Netherlands) 4 days earlier. Cells were cultured 
for 48 hours in StemSpan (Stem Cell Technologies, Vancouver, BC, Canada) supplemented with 
10% FCS, 300 ng/ml PEG-rrSCF (Amgen, Thousand Oaks, CA, USA), 20 ng/ml rmIL-11 (R&D 
Systems, Minneapolis, MN, USA), 10 ng/ml Flt3ligand (Amgen, Thousand Oaks, CA, USA), 
penicillin, and streptomycin. Viral supernatant was harvested 24 and 48 hours after transfection of 
ecotrophic Phoenix cells and inoculated in 6-wells plates that were coated with 50 μg retronectin 
(Takara, Kyoto, Japan). Plates containing the viral supernatant were spun for 1h at 2200 rpm at 
room temperature. Four hours later viral supernatant was removed, and 7.5 × 105 cultured BM cells 
were inoculated per well together with 4 μg polybrene (Sigma, St. Louis, MO, USA). At the second 
transduction 2 μg polybrene was added. Four days later transduction efﬁciency was determined by 
ﬂow cytometry (FACSCalibur, Becton Dickinson, Palo Alto, CA).
 
Transplantation
After transduction, 3 × 106 CD45.1 BM cells were transplanted in lethally irradiated (9.5 Gy, IBL 
637 Cesium-137 γ source, CIS Biointernational, Gif-sur-Yvette, France) recipients (CD45.2). GFP+ 
cells were not selected after the transduction protocol, so transplants consisted of a mixture of 
transduced and non-transduced cells. At several time points after transplantation blood was drawn 
from the retro-orbital plexus, white blood cell numbers were counted using a Coulter Counter 
(Beckman Coulter, Fullerton, CA, USA). The percentage GFP+CD45.1+ leukocytes was assessed 
by ﬂow cytometry (FACSCalibur, Becton Dickinson). Two independent experiments were carried 
out. The total number of primary recipients was 11 in control and 11 for Ezh2 groups.
 
Serial transplantation
Four months after primary transplantation, recipients of the control and Ezh2 group were sacriﬁced 
and BM cells were isolated by ﬂushing two hind legs. Unfractionated BM cells were transplanted 
in lethally irradiated (9.5 Gy) secondary recipients (CD45.2) in limiting dilution with 106 freshly 
isolated C57BL/6 competitor BM cells (CD45.2). Reconstitution by the transduced HSCs was 
assessed for each recipient 3 months after serial transplantation by analysis of peripheral blood 
cell chimerism. Animals showing >1% GFP+ engraftment in myeloid and lymphoid lineages, were 
considered to be reconstituted by the transduced HSCs. Competitive repopulating index (CRI) and 
the frequency of long-term repopulating cells present in primary recipients (LTRA) were calculated. 
The formula to calculated the CRI was: CRI = [(%CD45.1+GFP+ cells / %CD45.1+GFP- cells)/
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(ratio of CD45.1+GFP+/ CD45.1+GFP- cells transplanted)]. The entire experiment was repeated 
twice. In total 35 secondary recipients were transplanted with Ezh2-overexpressing cells, and 35 
recipients with control cells. In addition, a secondary transplantation without co-transplantation of 
competitors was performed. A total of 2 × 106 BM cells were transplanted in 10 lethally irradiated 
(9.5 Gy, IBL 637 Cesium-137 γ source, CIS Biointernational) recipients.
Four months after secondary transplantation, a tertiary transplantation was performed, identical 
to the secondary transplantation. For both control and Ezh2-overexpressing cells, a total of 28 
recipients was used for competitive repopulation assays and 12 animals received transplantation 
without additional support of competitor BM cells.
 
Sorting hematopoietic cell populations
Different populations of hematopoietic cells were sorted using ﬂow cytometry as 
described before34. The four different populations (Lin-Sca-1-c-kit-, Lin-Sca-1+c-kit-, 
Lin-Sca-1-c-kit+, Lin-Sca-1+c-kit+) were directly sorted in RNA lysis buffer of the RNeasy mini 
kit (Qiagen), using a MoFlo ﬂow cytometer (DakoCytomation) for gene expression analysis. In 
additon, Lin-Sca-1+c-kit+ cells were sorted for further culturing.
To assess clonogenic activity in puriﬁed stem cell fractions after primary transplantation, the 
cobblestone area-forming cell (CAFC) assay was performed as described previously36. Early 
appearing CAFC day-7 correspond to relatively committed progenitor cells, whereas late appearing 
CAFC day-35 reﬂect more primitive cell subsets.
 
In vitro differentiation of puriﬁed HSCs
Puriﬁed Lin-Sca-1+c-kit+ (LSK) cells were cultured in IMDM (Invitrogen, Breda, The Netherlands) 
containing 100 ng/ml pegylated-rrSCF (Amgen) and 10 ng/ml GM-CSF (Behringwerke, Marburg, 
Germany) to stimulate rapid in vitro differentiation. Total cell number was assessed using trypan 




Cells were resuspended in PBS, lysed by addition of SDS-PAGE sample buffer and sonicated. Proteins 
were separated by 10% SDS-PAGE and transferred to nitrocellulose. After blocking in 3% skim milk, 
membranes were probed with a 1:100 dilution of mouse anti-Ezh2 mAb (M18EZH2, kindly provided 
by Prof. Dr. A.P. Otte, Swammerdam Institute for Life Science, University of Amsterdam37,38), 
washed and incubated with anti-mouse horseradish peroxidase-conjugated secondary antibody 
(Amersham Biosciences, Buckinghamshire, UK). Membranes were developed using ECL reagents 
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Total RNA was isolated using the RNeasy Mini kit (Qiagen) and standard cDNA synthesis was 
performed. Quantitative PCRs were performed in triplicate. PCR ampliﬁcation, using SYBR Green, 
was performed in 96-well microtiter plates in an iCycler thermal cycler (Bio-rad, Hercules, CA, 
USA). Sample cDNAs were compared with expression of housekeeping genes Gapdh and Actin 
using the relative quantiﬁcation ΔΔC
T
 technique39. Relative expression levels in the different LSK 
populations were estimated by ﬁrst calculating the number of molecules formed at reaching the C
T
. 
By correcting this value for the initial number of cells used, relative expression was determined.
 
Search for putative targets or partners of Ezh2
In order to ﬁnd putative targets or partners of Ezh2, the on-line available stem cell database was 
used (www.genenetwork.org). We have recently described the establishment of this database40. 
The GNF Hematopoietic Cells U74Av2 (Mar04) RMA database was chosen and information on 
Ezh2 expression levels in different BXD strains was retrieved. Subsequently, linkage analysis as 
implemented in www.genenetwork.org was performed to determine by which locus differences in 
expression levels of Ezh2 were regulated. Furthermore, it is feasible to identify which stem cell 
transcripts show similar or opposite expression proﬁles as Ezh2 across the 30 BXD strains. These 
transcripts are potential partners or targets of Ezh2. The top-100 best correlating transcripts were 
selected and imported in WebGestalt (http://genereg.ornl.gov/webgestalt/, a web-based Gene Set 
Analysis Toolkit implemented in www.genenetwork.org).
 
Statistical analysis
Statistical differences between means were assessed using the two-tailed t-test assuming unequal 
variances and ANOVA with two factors. Kaplan-Meier survival analysis was performed of mice 
that received a tertiary transplantation of control or Ezh2 transduced HSCs. Differences in survival 






Ezh2 and cellular senescence in mouse embryonic ﬁbroblasts
An established in vitro model to study cellular senescence involves the serial passaging of mouse 
embryonic ﬁbroblasts (MEFs)41. MEFs were cultured from 14-day-old C57BL/6 embryos. As 
expected, MEFs were able to undergo a limited number (eight) of population doublings before 
they senesced (Figure 6.1A). To screen for genes that were differently expressed in young versus 
senescent MEFs, expression-proﬁling experiments were conducted. One of the most differentially 
expressed transcripts was Enhancer of zeste homolog 2 (Ezh2) (see Supplementary Table S6.1 for 
all differentially expressed genes). Differences in expression levels of Ezh2 in young and senescent 
MEFs were conﬁrmed by RT-PCR (Figure 6.1B). Protein levels of Ezh2 in MEFs correlated with 
RNA levels; Ezh2 was more abundant at early passage (p1) compared to senescent MEFs (p9) 
(Figure 6.1C). We next established the growth kinetics of MEFs in which Ezh2 was ectopically 
overexpressed using retroviral transductions. The retroviral vectors used to induce overexpression 
of Ezh2 are schematically shown in Figure 6.1D. As control we used a vector that only expresses 
eGFP (MIEV). The MIEV-Ezh2 vector (Ezh2) contains Ezh2 and eGFP sequences, separated by 
an IRES. MEFs were sorted for GFP expression after transduction. Western blotting failed to 
detect expression of Ezh2 in MEFs transduced with the control vector, whereas protein levels were 
clearly increased in cells transduced with the Ezh2 vector (Figure 6.1E). At different passages 
after retroviral transduction expression levels of Ezh2 were assessed by qPCR (Figure 6.1F). We 
conﬁrmed that Ezh2 was readily overexpressed in MEFs transduced with the Ezh2 vector relative 
to cells transduced with the control vector. Levels of overexpression gradually increased from 
40-fold to 70-fold at different time points after transduction. MEFs transduced with the control 
vector senesced rapidly after transduction (Figure 6.1G). In contrast, MEFs in which Ezh2 was 
overexpressed were able to escape senescence and showed continuous growth several passages 
after transduction (Figure 6.1G).
 
Ezh2 expresssion in hematopoietic stem cells
Some members of the PcG gene family have recently been implicated to play a role in hematopoietic 
stem cell self-renewal6-8. However, the potential function of Ezh2 in long-term repopulating HSCs 
has not been investigated. To quantify Ezh2 expression in different hematopoietic cell populations, 
bone marrow (BM) cells were isolated and stained with a cocktail of lineage (Lin) speciﬁc antibodies 
and for the stem cell markers Sca-1 and c-kit. The 5% most lineage negative fraction (Figure 
6.2A) was further subfractionated in four different populations based on Sca-1 and c-kit expression 
(Figure 6.2B), and levels of Ezh2 were determined for all four fractions by qPCR (Figure 6.2C). In 
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two separate experiments, highest expression levels were found in the Lin-Sca-1-c-kit+ population, 
which is known to be enriched for progenitors42. The Lin-Sca-1+c-kit+ (LSK) population is highly 
enriched for the most primitive hematopoietic stem cells43-46.
Next, LSK cells were puriﬁed and differentiation was induced by culture in the presence of GM-
CSF and SCF. As expected, LSK cells showed rapid growth during the ﬁrst few days in culture 
and stopped proliferating at day 7 (Figure 6.2D) with accompanying changes in morphology (data 
not shown). At several time points after initiation of differentiation the relative expression of Ezh2 








Figure 6.1. Expression of Ezh2 in MEFs. A. At ﬁrst MEFs showed rapid proliferation, but senesced after 
eight population doublings. B. RT-PCR analysis of young (p1) and aged (p5) MEFs. C. Protein levels of Ezh2 
in untreated MEFs at passage 1 and 9. D. Schematic representation of retroviral vectors used to overexpress 
Ezh2. E. Detection of Ezh2 protein in MEFs transduced with control and Ezh2 vector at different passages 
after transduction. F. Relative expression of Ezh2 mRNA in MEFs transduced with the control vector or with 
the vector containing Ezh2 at different passages after transduction. Expression levels of Ezh2 were determined 
by qPCR and calculated relative to MEFs transduced with control at passage 1 after transduction. G. Growth 
of MEFs after retroviral transduction.
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Overexpression of Ezh2 in HSCs
 
Primary transplantation
As Ezh2 was expressed in freshly isolated HSCs, but downregulated during differentiation-
inducing cultures, we wished to assess the functional consequences of enforced overexpression 
of Ezh2 in HSCs. Post 5-FU BM cells (CD45.1) were transduced with the control or Ezh2 vector 
and 3 × 106 cells were transplanted without sorting for GFP+ cells, in lethally irradiated CD45.2 
recipients. In this way, the relative contribution of Ezh2-overexpressing (CD45.1+GFP+) stem 
cells compared to identically treated, but non-transduced stem cells (CD45.1+GFP-) could be 
determined. Shortly after transplant peripheral white blood cell counts were somewhat higher (p = 
.15) in mice transplanted with Ezh2 BM cells, but returned to normal levels and remained similar 
to control values as from 100 days after transplant (Figure 6.3A). After transplantation, chimerism 
was assessed by quantifying the percentage of GFP+ cells within the donor CD45.1+ cell fraction. 
Since starting transduction efﬁciencies were variable in the different experiments (20 – 60%), the 
ratio of transduced over non-transduced (%GFP+/%GFP-) contribution was normalized at 1 at the 
ﬁrst time point (day 22) after transplant. All chimerism data at later times were compared to this 
point (Figure 6.3B). No signiﬁcant difference in contribution of transduced (CD45.1+GFP+) cells 
was observed between control and Ezh2 transplants.
 
Secondary transplantation
Primary recipients were sacriﬁced four months after transplant (at a time point when no skewing 
of CD45.1+GFP+ contribution was observed). At this time point protein levels of Ezh2 were 
analyzed in the spleen. As expected, Ezh2 was present at a higher level in mice transplanted 
with Ezh2-overexpressing cells compared to control (Figure 6.3C). LSK GFP+ cells were 
isolated from primary recipients and assayed for cobblestone area-forming cell (CAFC) activity.  
Overexpression of Ezh2 resulted in a marked increase in CAFC day 7 and 14 frequencies, and a 




Figure 6.2. Expression of Ezh2 in hematopoietic cells. A. FACS dotplot gate for the Lineage- (Lin-) BM 
population. The 5% most Lin- cells were selected. B. Cells in the Lin- population were sorted based on Sca-
1 and c-kit surface markers. C. Expression of Ezh2 as measured by qPCR in the different Sca-1 and c-kit 
populations relative to Sca-1-c-kit- BM cells. D. Growth of Lin-Sca-1+c-kit+ cells cultured in the presence 
of GM-CSF and SCF. E. Relative expression of Ezh2 was monitored by qPCR at different time points after 
initiation of differentiation with GM-CSF and SCF. Day 0 was set at 1.




Figure 6.3. Overexpression of Ezh2 in HSCs. A. White blood cell (WBC) counts of mice transplanted 
with BM cells transduced with control or Ezh2 vectors (n=11 recipients per group, two independent 
experiments). Mean values ± 1 SEM are shown. B. Chimerism at different time points after transplantation. 
The ratio of transduced over non-transduced (%CD45.1+GFP+ / %CD45.1+GFP-) contribution was set at 1 at 
the ﬁrst point (day 22) after transplant. Average values of two independent experiments are shown +/- 1 SEM. 
C. Ezh2 protein expression in the spleen ~120 days after primary tranplantation of control or Ezh2 CD45.1 BM 
cells. D. CAFC frequencies of sorted LSK GFP+ cells 120 days after primary transplantation. E. Chimerism 
levels of recipients, competitively transplanted with various ratios (indicated) of transduced/non-transduced 
and freshly isolated BM cells, analyzed three months after transplantation. Values show data from individual 
recipients in two independent experiments (n = 35 per group). F. Competitive repopulation index (CRI) 
calculated for CD45.1+GFP+ (transduced) versus CD45.1+GFP- (non-transduced) cells (see insert). Values (+ 
1 SEM) are averages three months after secondary transplantation, based on 11 and 24 individual mice in the 
ﬁrst and second experiment respectively. G. CRI calculated for transduced cells (CD45.1+GFP+) compared to 
freshly isolated BM cells (CD45.2+) (see insert). Averages values (+ 1 SEM) of 11 and 24 individual mice of 
the ﬁrst and second experiment respectively are shown. H. LTRA frequencies in CD45.1+GFP+ (transduced) 
cell fractions calculated from limiting dilution analyses three months after secondary transplantation in two 
independent experiments.
Secondary recipients were transplanted with harvested donor BM cells alone, or in competitive 
repopulation with different ratios of freshly isolated CD45.2+ BM cells. At multiple time points after 
transplant the recipients were analyzed for presence of CD45.1+GFP+ cells. In the two independent 
experiments serially passaged retrovirally transduced control cells (CD45.1+GFP+) showed little to 
no contribution to the peripheral blood in these secondary recipients, whereas Ezh2-overexpressing 
stem cells contributed to signiﬁcant higher (p < .001) levels (Figure 6.3E). The competitive 
repopulation index (CRI), comparing stem cell activity of transduced cells (CD45.1+GFP+) with 
non-transduced cells (CD45.1+GFP-), was calculated three months after secondary transplantation. 
The CRI is a measurement of the quality of reconstitution of the transplanted cells, where a CRI 
of 1 by deﬁnition indicates equal stem cell potential of the two populations. The CRI was ~12-
fold higher (p < .02) in Ezh2-overexpressing stem cells, when these were compared with serially 
passaged, but non-transduced (CD45.1+GFP-) cells (Figure 6.3F). The CRI was also calculated for 
transduced cells (CD45.1+GFP+) compared to freshly isolated CD45.2+ BM cells (Figure 6.3G). A 
10-fold decrease of stem cell quality (i.e. a CRI of 0.1) can usually be expected after a single serial 
transplantation1 and was indeed observed for control cells. Strikingly, overexpression of Ezh2 in 
HSCs completely prevented loss of stem cell quality after serial transplantation, as the CRI levels 
were maintained at a value of 1 (Figure 6.3G). CRI measurements do not necessarily correlate 
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with actual stem cell frequency. To quantify stem cell numbers, we used limiting dilution analysis 
of chimerism data of all secondary recipients. Animals that showed >1% donor cell contribution 
in both myeloid and lymphoid compartments were considered engrafted. The BM of secondary 
recipients transplanted with Ezh2-overexpressing stem cells contained an 8 to 14-fold higher 
number of stem cells with long-term repopulating ability, showing that overexpression of Ezh2 
results in an increase of the stem cell pool (Figure 6.3H)
 
Tertiary transplantation
Four months after secondary transplantation, recipients were sacriﬁced and BM cells were once 
more serially transplanted in a third cohort of lethally irradiated recipients with addition of different 
ratios of freshly isolated CD45.2+ competitor BM cells. Figure 6.4A shows high contribution of 
Ezh2-overexpressing HSCs in the peripheral blood in both myeloid and lymphoid lineages. Similar 
as primary and secondary recipients, peripheral blood cell values were normal in tertiary recipients 
of Ezh2-overexpressing stem cells (data not shown). The chimerism levels of all individual 
recipients of control and Ezh2-overexpressing stem cells three months after transplantation are 
shown in Figure 6.4B. Virtually no donor contribution was detected in recipients receiving control 
cells, whereas very high chimerism levels originated from Ezh2-overexpressing stem cells. In 
agreement, recipients that received serially transplanted control cells without competitor cells 
all died within 40 days after transplantation, whereas Ezh2-overexpressing stem cells provided 
radioprotection and long-term repopulation to tertiary recipients (Figure 6.4C). Similarly as after 
the secondary transplantation, the CRI was calculated for CD45.1+GFP+ cells over CD45.1+GFP- 
cells. Figure 6.4D shows these values for both secondary and tertiary recipients, and documents that 
stem cells transduced with Ezh2 show a 10- and 25-fold increase in stem cell quality, respectively. 
Remarkably, when the quality of stem cells that were transduced with Ezh2 was compared with 
freshly isolated BM cells, no loss of stem cell quality could be demonstrated (Figure 6.4E).
 
Figure 6.4. Effects of overexpression of Ezh2 in HSCs in tertiary recipients. A. Representative FACS plot 
showing myeloid and lymphoid contribution in a recipient transplanted with 2.5 × 106 twice serially transplanted 
Ezh2-overexpressing cells in competition with 5 × 105 freshly isolated CD45.2+ BM cells. B. The percentage of 
CD45.1+GFP+ cells in the peripheral blood in all recipients (n = 28) three months after tertiary transplantation. 
Cells were co-transplanted in different ratios (indicated) with freshly isolated BM cells. C. Survival curve of 
tertiary recipients that were transplanted with serially transplanted BM cells without co-transplantation of freshly 
isolated BM cells. D. CRI comparing transduced CD45.1+GFP+ stem cells versus non-transduced CD45.1+GFP- 
stem cells in primary, secondary, and tertiary recipients. E. CRI comparing transduced CD45.1+GFP+ stem 











































Figure 6.5. Variation in CAFC d35 frequency and Ezh2 expression levels in BXD strains. A. Variation in 
HSC frequency (CAFC d35/105 BM cells) in BXD recombinant inbred mice is associated with a quantitative 
trait locus (QTL) mapping to chromosome 18. Data can be retrieved from www.genenetwork.org40,47. B. 
Ezh2 transcript levels were measured in LSK cells isolated from the BM of 30 BXD strains, using Affymetrix 
gene chips. C. Variation in Ezh2 expression in LSK cells isolated from BXD mice is regulated by a QTL 
mapping to chromosome 18. D. Average Ezh2 expression levels (+ 1 SEM) in BXD recombinant inbred mice 
segregated according to the presence of the B6 or D2 allele for marker D18Mit83.
Stem cell gene networks involving Ezh2
We have previously shown that different inbred strains of mice vary substantially with respect 
to numerous stem cell traits, including variation in stem cell frequency47. In a panel of 30 BXD 
recombinant inbred strains, offspring of DBA/2J mice (containing high numbers of stem cells) 
and C57BL/6 mice (containing low numbers of stem cells), genomic loci that contribute to these 
traits were mapped. We identiﬁed a quantitative trait locus (QTL) on chromosome 18 that was 
associated with variation in stem cell pool size (Figure 6.5A)47. Recently, we have also measured 
genome-wide variation in gene expression levels in HSCs isolated from these BXD strains40. This 
genetical genomic analysis has enabled us to identify clusters of genes that are transcriptionally 
controlled by a common locus. These data have been made accessible at www.genenetwork.org, 
an on-line genetic database that allows the query of co-regulated transcripts for stem cell genes 
of interest. In the present study we determined that Ezh2 was highly, but differentially, expressed 
in HSCs of the various BXD strains (Figure 6.5B). Strikingly, variation in Ezh2 levels was 
largely accounted for by the exact chromosome 18 locus that we had previously associated with 
variation in stem cell frequency (Figure 6.5C). The gene encoding Ezh2 is located on chromosome 
6 in mice, so variation in Ezh2 expression is regulated in trans by an as yet unidentiﬁed gene 
on chromosome 18. Further analysis showed that mice that had inherited a C57BL/6 allele at 
D18Mit83 (the marker most strongly associated with variation in Ezh2 levels) had signiﬁcantly 
higher expression of Ezh2 (p < .003) than mice carrying a DBA/2J allele (Figure 6.5D). The 
limited genetic resolution precludes direct identiﬁcation of the chromosome 18 gene that is 
responsible for the variation in Ezh2 gene expression. However, Ezh2 co-regulated transcripts 
in stem cells can easily be retrieved from www.genenetwork.org. The 100 genes of which the 
transcript levels correlated best with variation in Ezh2 expression were identiﬁed. These genes 
were classiﬁed according to their functional annotation using Webgestalt (http://genereg.ornl.gov/
webgestalt). We identiﬁed 3 functional categories for which transcripts correlating with variation 
in Ezh2 levels were signiﬁcantly enriched (Figure 6.6A). A high number of co-regulated stem 
cell genes was involved in DNA modiﬁcation, DNA packaging, and DNA replication (Table 6.1). 
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Two other categories of transcripts that were signiﬁcantly more often observed than expected 
were associated with cell cycle/cytokinesis and, surprisingly, nucleo-cytoplasmic transport 
(Table 6.1).
 Interestingly, one of the stem cell transcripts whose levels correlated with variable Ezh2 expression 
was Eed, its well-known partner (Figure 6.6B). Other interesting novel putative Ezh2 partners or 
targets included Mcm 2, 3, and 4, Aurka and Aurkb, Gmnn (Figure 6.6C), Prim1, topoisomerases, 
and polymerases. A substantial number of these transcripts were also controlled by the chromosome 
18 locus (Table 6.1).
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Figure 6.6. Putative new stem cell targets or partners of Ezh2. A. The top-100 stem cell genes whose 
expression correlated with Ezh2 expression in BXD mice were classiﬁed according to function by webGestalt 
(http://genereg.ornl.gov/webgestalt/). Light gray bars show the expected number of genes with a certain 
function to be found if 100 transcripts were randomly selected, dark gray bars depict the actually retrieved 
numbers. Detailed information on genes present in the three signiﬁcantly (p < .01) enriched clusters (arrows) 
is provided in Table 6.1. B. Correlation of relative expression of Ezh2 and Eed in the 30 BXD strains. Each 
datapoint in the ﬁgure refers to an individual BXD strain C. Correlation of relative expression of Ezh2 and 
Geminin (Gmnn) in the 30 BXD strains. Each data point in the ﬁgure refers to an individual BXD strain.
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Table 6.1. Putative targets or partners of Ezh2 in HSCs.
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Ezh2 co-regulated transcripts in stem cells were retrieved from www.genenetwork.org. The 100 genes of 
which the transcript levels correlated best with variation in Ezh2 expression were identiﬁed. These genes were 
classiﬁed according to their functional annotation using Webgestalt (http://genereg.ornl.gov/webgestalt). 
Three functional categories were identiﬁed. Transcripts that are regulated by the quantitative trait locus (QTL) 
on chromosome 18 (20-23 Mb) that affects variation in Ezh2 levels are shown in bold. Correlation values 






In this study we show that Ezh2 is downregulated upon serial passaging of MEFs, and during 
differentiation of primitive, highly proliferative HSCs to committed myeloid cells. These two 
complementary models suggest a general suppressive role for Ezh2 during cellular differentiation 
and senescence. Indeed, we show that overexpression of Ezh2 leads to bypassing of the 
senescence program in MEFs. More strikingly, enforced expression of Ezh2 in HSCs completely 
prevents stem cell exhaustion and stabilizes normal stem cell functioning, even after three serial 
transplantations.
It has been previously shown by others and us, that exhaustion of the HSC pool is apparent following 
serial transplantation2,48,49, chemotherapy50,51, and also during normal aging36,48. The aging of HSCs 
is genetically regulated, since different inbred mouse strains show distinct patterns36,52, which are 
maintained when HSCs of different mouse strains are present in the same microenvironment53,54. 
However, the underlying molecular mechanism responsible for a decline of HSC functioning 
during aging and serial transplant remains to be elucidated. Several groups have identiﬁed genes 
that directly inﬂuence HSC self-renewal potential and their differentiation program, such as 
Hoxb435, Notch155, and Bmi-18. Our present data document that Ezh2 is able to completely preserve 
stem cell functioning after repeated serial transplantation, notably without resulting in malignant 
transformation. Interestingly, a recent gene proﬁling study in which expression patterns in young 
and aged HSCs were compared, documented that Ezh2 levels decrease during normal aging56.
The natural variation in Ezh2 transcript levels that can be observed in stem cells of recombinant 
inbred mouse strains (BXDs), allows two approaches40. Firstly, the genomic locus that regulates 
Ezh2 expression can be mapped and secondly, co-regulated transcripts can be identiﬁed. Using the 
ﬁrst approach we show that variation in expression of Ezh2 is regulated by a locus on chromosome 
18. Strikingly, exactly the same locus is also associated with HSC frequency47. As many transcripts 
are located in the critical interval, the Ezh2 regulating gene on chromosome 18 remains unknown 
at present. Using the second approach, genetic networks associated with variation in Ezh2 
expression can be elucidated. We found that Eed expression levels were positively correlated with 
Ezh2 gene expression. As Eed is a well-known partner of Ezh231, this ﬁnding proves the potential 
power of this approach. Furthermore, expression levels of Gmnn, a DNA replication inhibitor with 
which PRC1 members are associated57, were also positively correlated with Ezh2 expression. We 
identiﬁed many Ezh2 co-regulated stem cell genes that qualify as chromatin remodeling factors 
and DNA binding proteins. Interestingly, the interval on chromosome 18 that was associated with 
variation in Ezh2 expression levels also regulated the expression levels of 12 out of 42 co-regulated 
genes. As this locus is involved in regulating HSC pool size47, this strongly suggests that chromatin 
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remodeling gene networks affecting epigenetic transcription programs are critically involved in 
stem cell self-renewal.
Ezh2 can act as a transcriptional repressor as a result of its HMTase activity, which ultimately 
results in DNA condensation and a more compact chromatin structure. Overexpression of Ezh2 is 
therefore expected to change global chromatin structure and consequently alter gene expression 
proﬁles. Moreover, as methylation is considered to be relatively irreversible, these epigenetic 
changes of gene expression are stable. In stem cell homeostasis a delicate balance exists between 
self-renewal and terminal differentiation. It is likely that during replicative stress (resulting 
from serial transplantation, but also from normal aging) this balance weighs in favor of terminal 
differentiation, resulting in exhaustion of the HSC pool. Emerging evidence suggests that this 
balance is partly regulated by the histone code, which speciﬁes gene transcription and provides 
cellular memory. It has been suggested that during normal aging methylation patterns are less 
strictly maintained, resulting in loss of heterochromatin and deregulated gene transcription58. It 
is becoming evident that PcG genes play an important role here, since aberrant expression of 
different PcG genes has been shown to change the program of stem cell self-renewal.
In this study we show that stem cell exhaustion is readily induced, but can be prevented in HSCs 
by overexpressing Ezh2. This data suggests that after replicative stress of HSCs chromatin 
alterations occur, which impede stem cell functioning. In contrast, in HSCs that overexpress 
Ezh2 the chromatin structure may be stabilized, providing maintenance of HSC quality. Chemical 
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Total RNA was isolated from passage 1 (young p1) and passage 5 (aged p5) MEFs with a RNeasy mini kit 
(Qiagen). During cDNA synthesis, samples were labeled with [33P]-dCTP (deoxycytidine triphosphate, MP 
Biochemicals, Irvine, CA, USA). Mouse ﬁlter gene arrays (GF400a, Research Genetics, Invitrogen) were 
hybridized and analysis was performed as described previously34. Hybridization signals were detected using 
a Storm phospho imager system (Amersham Biosciences, Buckinghamshire, UK) and data were further 
analyzed using PathwaysTM software (Research Genetics, Invitrogen).








For life long homeostasis of the blood forming tissue it is important that hematopoietic stem 
cells (HSCs) display a correct balance between self-renewal, differentiation, and apoptosis. 
Understanding the mechanisms of HSC self-renewal is an intensive area of research, and both 
extrinsic as well as intrinsic regulators of HSC self-renewal have been found1,2. In this thesis we 
have focused on genetic, i.e. intrinsic, factors that inﬂuence the self-renewal potential of HSCs.
Different inbred mouse strains show distinct aging patterns. Intriguingly, a negative correlation 
between the maximum life span of a speciﬁc mouse strain and the cycling activity of its progenitor 
cells has been reported3. This suggests that the rate of stem cell turnover may affect organismal 
life span. The key question is obviously what the underlying mechanism of these programs is and 
whether the rate of aging can be delayed by perturbation of the aging machinery.
Chapter 1 gives a conceptual overview on stem cell aging and the processes that are involved. 
Besides the known players like DNA damage, oxidative stress, and protein damage, we describe 
a potentially important novel mechanism that is probably involved in aging. This model suggests 
destabilization of the heterochromatin during replicative proliferation and aging. As a result of 
such destabilization gene expression patterns are less tightly controlled during aging and non-stem 
cell genes will be transcribed, resulting in loss of self-renewal potential.
In Chapter 2 we produced radiation chimeras in which HSCs of the short-lived D2 mouse 
were co-transplanted with those of the longer-lived B6 mouse. At different time points after 
transplantation we assessed the contribution of the two stem cell pools to the peripheral blood. 
We observed an initial increased contribution of D2 leukocytes, which decreased upon aging. 
This pattern has previously been observed by Van Zant et al. in embryo-aggregation chimeras 
of D2 and B64. The radiation chimeras that were created in this study were treated with G-CSF 
to mobilize stem cells to the peripheral blood and to stimulate hematopoietic cell turnover, 
potentially disturbing the balance between D2 and B6 HSCs. Progenitor cells cultured from 
the bone marrow three days after mobilization, were preferentially of D2 origin. This was in 
accordance with previous results using parental mouse strains, showing that D2 stem cells are 
more easily mobilized than B6 stem cells5. Moreover, we found that cycling activity in progenitor 
cells of D2 and B6 in the radiation chimeras showed similar values as in the parental strains. Thus, 
even though D2 and B6 stem cells now resided in the same microenvironment, they maintained 
characteristics of the parental strains. This was furthermore conﬁrmed by an in vivo limiting 
dilution assay, in which we determined that the number of long-term repopulating stem cells 
was higher in the D2 compartment compared to B6, again resembling the characteristics of the 
parental strains. All these data conﬁrmed an intrinsic regulation of stem cell aging.  
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The radiation chimera model that was used in Chapter 2 was subject to continuing research in 
Chapter 3 in which we developed a mathematical model to quantitatively explain the differences 
in stem cell characteristics between D2 and B6 mice. This model was based on the attachment 
(resulting in non-proliferation) and detachment (resulting in proliferation) afﬁnity of D2 and B6 
stem cells in the bone marrow. The processes of loss/gain for attachment afﬁnity and the transition 
between non-proliferating and proliferating cells were assumed to be strain-speciﬁc. Another 
parameter that was assumed to be different between D2 and B6 stem cells was their generation 
time. We found that different starting value of these parameters could explain the skewing of the 
chimerism we observed in the radiation chimeras. Interestingly, it appeared that these parameters, 
present at initiation of transplantation did not change over time i.e. during aging. Perturbation of the 
system by growth factors and cytostatic drugs inﬂuenced the chimerism only temporarily (within-
tissue plasticity), after which the chimerism returned to the level before perturbation. These data 
also support the idea that aging is intrinsically regulated process.
A commonly used experiment to test hematopoietic stem cell self-renewal capacity is serial 
transplantation. In the study described in Chapter 4 we conducted serial transplantations with 
unfractionated bone marrow cells and with highly puriﬁed stem cells of D2 and B6 mice, to 
assess whether there exists a genetic limit to stem cell self-renewal. The main observation was 
that HSCs were able to undergo a ﬁxed number of population doublings, which were governed 
by an intrinsic program since D2 HSCs made 10-fold less population doublings compared to B6 
HSCs. A remarkable observation was that freshly isolated stem cells were able to contribute to 
hematopoiesis in recipients that had received serially transplanted bone marrow cells four months 
earlier, whereas these recipients appeared to have a normal functioning hematopoietic system. This 
indicates a severe stem cell defect upon serial transplantation. To assess whether stem cell aging 
occurs during normal aging, we transplanted freshly isolated stem cell into aged, unconditioned, 
B6 mice (>16 months). Engraftment and contribution of these young cells in old recipients was 
signiﬁcant, whereas this was not observed when young recipients were used. These data indicate 
that a minor stem cell defect is present in B6 mice upon normal aging, even though it has long been 
suggested that B6 stem cells are not subject to aging6-8.
To gain more insight in the genes that are involved in HSC aging we studied the inﬂuence of p21 
deﬁciency in a B6 genetic background. Obviously, we have to keep in mind that the process of 
aging is a complicated multigenic trait. However, previous studies with p21-/- mice, albeit in a 
129/SV genetic background, showed accelerated exhaustion of stem cells and higher sensitivity for 
the cytostatic drug 5-FU. Moreover, these p21 mutant mice had an increased stem cell pool9. All 
these characteristics are shared by D2 mice. To assess to what extent p21 deﬁciency can account 
for stem cell aging, we generated B6p21-/- mice and conducted competitive repopulation assays. 
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However, in these studies, described in Chapter 5, we did not observe any pattern of accelerated 
stem cell exhaustion. Although we did observe an increased stem cell pool in de original p21 
deﬁcient mice, B6p21-/- mice contained a stem cell pool that was similar to wild-type B6 mice. 
Interestingly, whereas normal B6 mouse embryonic ﬁbroblasts (MEFs) senesced after a distinct 
number of population doublings, MEFs derived from B6p21-/- did not senesce, but showed 
continuous growth. This indicates that in MEFs and HSCs cell cycle arrest is probably controlled 
in cell-speciﬁc ways. We concluded that in the HSCs of B6 mice a potent modiﬁer of the p21 
deﬁciency must be present to prevent the accelerated aging pattern in HSCs that was previously 
observed.
In order to further screen for genes that are potentially involved in the process of cellular aging 
we performed gene expression analysis on mouse embryonic ﬁbroblasts (MEFs) of D2 and 
B6 mice. Fibroblasts are a well-known tool to study in vitro cellular senescence as these cells 
undergo a distinct number of population doublings before they senesce10. Many differences in gene 
expression patterns were found between young and senescent MEFs, for both D2 and B6. One of 
the top candidate genes was Enhancer of zeste homolog 2 (Ezh2), a Polycomb group gene with 
methyltransferase activity. Ezh2 is a Polycomb group gene that modulates chromatin structure 
and acts as a transcriptional repressor. Moreover, Ezh2 expression was rapidly downregulated 
during terminal differentiation of HSCs, indicating a potential role of Ezh2 during self-renewal and 
differentiation. In Chapter 6 experiments are described in which Ezh2 was stably overexpressed 
in both MEFs and HSCs. Overexpression of Ezh2 in MEFs led to bypass of the senescent program. 
HSCs that overexpressed Ezh2 and were transplanted in lethally irradiated recipients did not show 
any signs of increased self-renewal potential or quality. However, upon serial transplantation of 
HSCs we observed the presence of increased stem cell numbers and quality in HSCs that overexpress 
Ezh2. This resulted in a competitive advantage of Ezh2-overexpressing stem cells over stem cells 
that did not overexpress Ezh2. Even though EZH2 is commonly upregulated in different types of 
lymphoma11-13, we did not observe malignant transformation in this study. These results showed that 
Ezh2 is important during maintenance of stem cell quality. We suggest that Ezh2 exerts its function 
by maintaining a stable chromatin structure, whereas this is lost during enforced replicative stress, 
and possibly normal aging. Recently it was shown that besides its nuclear function, Ezh2 is also 
present in a methyltransferase complex in the cytosol. It was suggested that cytosolic Ezh2 controls 
cellular signaling via ligand-induced actin polymerization in various cell types14. Although we 
did not study cellular signaling, this implies that the observed effect of overexpression of Ezh2 
on HSCs might be caused by changed signaling between HSCs and their microenvironment. 
In this study we also identiﬁed putative targets or partners of Ezh2 by a ‘genetical genomics’ 
approach. Using ‘genetical genomics’, we identiﬁed genes that are co-regulated with variation 
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in expression levels of Ezh2 in HSCs and therefore are potential targets or partners of Ezh2. 




In this thesis the genetic regulation of HSC self-renewal and aging was examined. It was conﬁrmed 
that stem cell aging largely results from an intrinsic program. We were able to identify genes that 
are potentially involved in the process of cellular senescence by overexpression of a single gene, 
Ezh2. Ezh2 is a Polycomb group (PcG) protein which is able to methylate lysine 27 of histone H3 
through its SET domain. Ezh2 also interacts with histone deacetylases (HDACs). Recent evidence 
suggests that Ezh2, besides its nuclear actions, also exhibits a cytosolic function by regulating actin 
polymerization through methylation14. Methylation and deacetylation generally result in compact 
DNA structures, referred to as heterochromatin. Genes that reside in heterochromatin are commonly 
transcriptionally silenced. Besides Ezh2, other PcG proteins that inﬂuences hematopoietic stem 
cell self-renewal have recently been reported, such as Bmi1, Mel-18, Rae-28, and Eed15-18. Since 
all these PcG genes are able to repress transcription by modulating the higher order chromatin 
structure, it is interesting to speculate that during normal aging the stability of the chromatin 
structure, with its corresponding gene expression proﬁle, is a crucial process. It will be of interest 
to assess genome-wide methylation proﬁles during normal hematopoiesis and to determine to what 
extent chromatin remodeling is important during aging of this system.
Pharmacological agents are available that are able to interfere with DNA methylation and histone 
deacetylation, like 5aza 2’deoxycytidine (5azaD) and trichostatin A (TSA). 5azaD is a DNA 
hypomethylating agent, and TSA acts as a histone deacetylase inhibitor (HDACI). Culturing 
puriﬁed human HSCs (CD34+) with growth factors that induced differentiation normally results in 
rapid loss of primitive phenotypic properties and repopulation potential. However, when CD34+ 
cells were cultured with both 5azaD and TSA, expansion of primitive phenotypic properties and 
maintenance of repopulating ability was observed19. These data strongly suggest that modulation 
of methylation and acetylation patterns by pharmacological drugs can alter the fate of primitive 
HSCs. This also suggests that upon differentiation of HSCs, the chromatin structure must 
change, resulting in different gene expression patterns. It will be interesting to assess differences 
in chromatin structure in HSCs, progenitors, and fully mature blood cells. Several hypotheses 
can be generated: (1) Heterochromatin is most prevalent in HSCs, whereas the DNA structure 
opens during differentiation, resulting in expression of non-stem cell genes20; (2) Throughout 
hematopoiesis the overall abundance of heterochromatin is identical, but the physical localization 
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of heterochromatin is altered during differentiation21-23; (3) Heterochromatin is least prevalent, i.e. 
has the most open and accessible structure in HSCs and overall gene expression is silenced during 
differentiation23. This latter model also suggests that during differentiation lymphoid and myeloid 
progenitors can harbor different heterochromatin structures (Figure 7.1). These different models 
that imply changes of heterochromatin structure during differentiation of HSCs are also applicable 
for embryonic development, and potentially aging.
It has already been suggested that during normal aging heterochromatin structures change 20,21,23,24. 
However, the temporal and spatial dynamics of chromatin changes during aging are unresolved, 
and in addition it is unclear whether the overall condensation is decreased, or whether changes in 
localization of heterochromatin occur. Since serial transplantation is a potent method to induce 
replicative stress and accelerated aging of HSCs, we predict that this will be a good model to 
assess changes in chromatin structure during aging. With this model, changes in gene expression 
proﬁles can easily be assessed, which will demonstrate whether during aging non-stem cell or even 
non-hematopoietic genes will be transcribed. If such inﬁdelity of the gene expression machinery 
is indeed observed, this will suggest that control over gene transcription, largely governed by the 
heterochromatin structure, is gradually lost during aging. It will be interesting for ongoing research 
to study these proposed models to gain insight in how changes in heterochromatin structure are 










Figure 7.1. Different models postulating changes of heterochromatin during differentation and aging. 
Actively transcribed euchromatic DNA is shown as thin black lines, whereas silent heterochromatin is 
shown as black boxes. The position of individual genes is depicted as gray bars. In Model 1, the overall 
heterochromatin content is decreased during differentiation, ensuring a more open DNA structure that results 
in the transcription of non-stem cell genes. In Model 2 the overall abundance of heterochromatin is similar 
at different time points during aging and differentiation, but the physical localization of heterochromatin 
domains change, which result in different gene expression proﬁles. Model 3 implies an open chromatin 
structure in primitive and young HSCs, with increased condensation of chromatin upon differentiation and 
aging. This will result in decreased gene expression.
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Bloedvormende (hematopoietische) stamcellen bevinden zich in het beenmerg. Beenmerg zit in 
holle botten, zoals het dijbeen en het borstbeen. Deze hematopoietische stamcellen zorgen ervoor 
dat witte en rode bloedcellen en bloedplaatjes gevormd worden. De verschillende soorten uitgerijpte 
bloedcellen vervullen uiteenlopende functies en hebben een beperkte levensduur. Zo zijn rode 
bloedcellen (erythrocyten) belangrijk om zuurstof te vervoeren door het lichaam, terwijl witte 
bloedcellen (leukocyten) een belangrijke rol spelen bij de afweer. Bloedplaatjes zijn onmisbaar 
bij de stolling. Doordat de uitgerijpte bloedcellen een beperkte levensduur hebben, ontstaat er een 
potentieel probleem. Erythrocyten hebben in de mens een gemiddelde levensduur van 120 dagen, 
terwijl dit voor leukocyten varieert van enkele dagen tot enkele jaren. Wanneer er geen nieuwe rode 
en witte bloedcellen meer gemaakt worden door stamcellen, zal dit uiteindelijk leiden tot de dood. 
De hematopoietische stamcellen zijn echter naast het produceren van uitgerijpte bloedcellen ook 
in staat om na een celdeling een nieuwe stamcel te vormen (Figuur 1). Wanneer stamcellen delen 
zullen twee nieuwe cellen ontstaan. Deze celdeling kan symmetrisch en asymmetrisch verlopen. 
Bij een asymmetrische celdeling zal er zowel een nieuwe stamcel worden gemaakt als een cel die 
verder uit zal rijpen tot witte of rode bloedcellen. Wanneer er alleen asymmetrische celdelingen 
plaats zouden vinden, blijft de hoeveelheid stamcellen gelijk en is er tevens voldoende productie 
van uitgerijpte bloedcellen. Wanneer een stamcel symmetrisch deelt betekent dit dat er of twee 
nieuwe stamcellen worden gevormd, of dat er twee cellen worden gevormd die verder uit zullen 
rijpen. Dit kan voorkomen na bijvoorbeeld een hevige bloeding. Op dat moment is er een tekort 
aan uitgerijpte bloedcellen en zal die productie tijdelijk verhoogd worden. Na het herstel is er een 
afname van het totaal aantal stamcellen (er heeft immers geen zelfvernieuwing plaatsgevonden). Om 
te voorkomen dat er een tekort ontstaat aan stamcellen, zullen er tijdelijk meer zelfvernieuwende 
delingen plaatsvinden. Dit zijn verschillende manieren om het hematopoietische systeem in balans 
te houden.
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Figuur 1. A. Een hematopoietische stamcel (open cirkel) kan een asymmetrische deling maken. Hierbij wordt 
een nieuwe stamcel gevormd en een cel die verder uit zal rijpe tot volwassen bloedcellen (grijze cirkel). Op 
deze manier blijven er voldoende stamcellen en uitgerijpte cellen. B. Stamcellen kunnen ook symmetrische 
delingen maken. Wanneer extra bloedcellen nodig zijn zullen stamcellen meer cellen vormen die uit zullen 
rijpen dan zelfvernieuwende delingen maken waarbij nieuwe stamcellen worden gevormd. C. Indien er 
onvoldoende stamcellen dreigen over te blijven, zullen er symmetrische delingen plaatsvinden waarbij alleen 
nieuwe stamcellen worden gevormd.
 
De stamcellen die gevormd worden na een zelfvernieuwende deling zouden in principe dezelfde 
eigenschappen moeten bezitten als de moedercel. Wanneer dit niet zo is en de nieuw gevormde 
stamcellen minder goed in staat zijn om bij bloedingen voldoende uitgerijpte bloedcellen te vormen 
of om het aantal stamcellen op niveau te houden, treedt er veroudering van het hematopoietische 
systeem op. Er is reeds bewezen dat inderdaad veroudering op kan treden van hematopoietische 
stamcellen. Wanneer stamcellen getransplanteerd worden, gebeurt dit meestal in een bestraalde 
ontvanger of na behandeling met chemotherapie. Door deze behandeling zullen in de ontvangers 
geen stamcellen meer aanwezig zijn en de getransplanteerde stamcellen zullen dus zowel moeten 
zelfvernieuwen als uitgerijpte bloedcellen moeten gaan vormen. Deze vele celdelingen veroorzaken 
veel stress bij stamcellen. Het blijkt dat al na één transplantatie er een afname is van de kwaliteit 
van stamcellen. Mensen bij wie bloedcelkanker (leukemie) is vastgesteld worden vaak behandeld 
met chemotherapie en bestraald, waarna ze een stamceltransplantatie krijgen. Het transplantaat 
bevat in verhouding met een gezond individu een gering aantal stamcellen die de patiënt de rest van 
zijn/haar leven moeten voorzien van een volledig repertoire van stamcellen en uitgerijpte cellen. 
Ook in deze situatie zal de stamcelkwaliteit verminderd zijn na transplantatie. Vooral bij kinderen 
die deze behandeling hebben ondergaan, kan dit op lange termijn voor problemen zorgen. Wanneer 
het proces van verlies van stamcelkwaliteit (veroudering) beter begrepen wordt, kunnen wellicht 
stamcellen voorafgaand aan transplantatie vermeerderd worden of hun kwaliteit verbeterd worden 
om lange termijn overleving en kwaliteit te vergroten.
Voor dit proefschrift zijn experimenten uitgevoerd om veroudering van hematopoietische stamcellen 
en de mate waarin dit gereguleerd wordt door intrinsieke, genetische factoren te onderzoeken. 
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Om de veroudering van hematopoietische stamcellen te bestuderen is gebruik gemaakt van 
verschillende ingeteelde muizenstammen. Deze muizenstammen hebben een verschillende 
genetische achtergrond, maar binnen één stam zijn alle muizen genetisch identiek. In deze studie is 
gebruik gemaakt van C57BL/6 (B6) en DBA/2 (D2) muizen. Er is gekozen voor B6 en D2 muizen 
omdat deze stammen verschillen in een aantal eigenschappen wat betreft hun hematopoietische 
stamcellen en veroudering. D2 muizen hebben in vergelijking met B6 muizen veel stamcellen 
en hun voorlopercellen (stadium tussen stamcel en volledig uitgerijpte cel) hebben een hogere 
delingsactiviteit. Opmerkelijk is dat D2 muizen een kortere levensduur hebben dan B6 muizen.
 
Waar dit proefschrift over gaat
In Hoofdstuk 2 is onderzocht in hoeverre de verschillen die in D2 en B6 hematopoietische 
stamcellen aanwezig zijn, veroorzaakt worden door genetische factoren. Hematopoietische 
stamcellen van D2 en B6 muizen zijn gemengd in gelijke verhoudingen en getransplanteerd in 
lethaal bestraalde ontvangers. Op gezette tijden na transplantatie werd bepaald hoeveel procent 
van de leukocyten afkomstig waren van D2 en B6 stamcellen. Kort na transplantatie bleek dat 
er een grotere bijdrage is van D2 stamcellen. Echter, na verloop van tijd nam de bijdrage van D2 
leukocyten langzaam af en nam de bijdrage van B6 leukocyten toe. Dit kan wijzen op uitputting 
van de hematopoietische stamcellen van D2 muizen. Deze uitputting lijkt onafhankelijk te zijn van 
B6 hematopoietische stamcellen. Het bleek zelfs zo te zijn dat ondanks dat B6 en D2 stamcellen 
nu gezamenlijk aanwezig zijn in het beenmerg van de ontvangers, ze de eigenschappen behouden 
van de ouderstammen. Voorlopercellen van D2 hadden een hogere cyclische activiteit en ook bleek 
de frequentie van D2 stamcellen hoger (en vergelijkbaar met de ouderstam) te zijn. Tevens bleken 
stamcellen van D2 sneller te reageren op groeifactoren dan cellen van B6. Dit alles wijst erop dat 
de verschillen tussen D2 en B6 hematopoietische stamcellen en hun verouderingspatronen bepaald 
worden door genetische factoren.
Hetzelfde transplantatiemodel als in Hoofdstuk 2 is in Hoofdstuk 3 gebruikt om te onderzoeken 
of met een wiskundig model de verschillen tussen het gedrag van D2 en B6 stamcellen 
verklaard kunnen worden. Het model stelt dat D2 en B6 stamcellen in verschillende mate 
afﬁniteit hebben voor hun locatie in het beenmerg. De niet-delende cellen bevinden zich in 
een meer hechtende positie (attachment), terwijl delende cellen minder afﬁniteit hebben met 
het beenmerg (detachment) en het beenmerg makkelijker kunnen verlaten, zodat ze uit kunnen 
rijpen tot volwassen bloedcellen. De niet-delende stamcellen blijven in een meer primitief 
stadium. Tijdens de bloedcelvorming kunnen stamcellen vanuit de attachment fase overgaan naar 
detachment en vervolgens uitrijpen. De overgangstijd tussen deze twee stadia wordt de transitietijd 
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genoemd. Er wordt vanuit gegaan dat de transitietijd verschilt tussen D2 en B6 stamcellen. 
De vraag was of deze verschillen (mate van attachment en detachment en de transitietijd) tussen 
D2 en B6 stamcellen vooraf zijn vastgesteld en constant blijven tijdens veroudering, of dat er 
tijdens veroudering veranderingen optreden in deze verschillen. Het bleekt dat de verschillen 
die in het begin aanwezig zijn tussen D2 en B6 stamcellen het meest belangrijk waren. Tijdens 
veroudering traden geen veranderingen op in de attachment en detachment en de transitietijden 
om de waargenomen effecten te verklaren. Ook na beïnvloeding van het systeem, zowel binnen 
het wiskundige model als ook in het transplantatie-experiment, door groeifactoren en cytostatica 
(chemotherapeutica) bleek dit slechts een kortstondig effect te hebben op de verhouding tussen 
D2 en B6 leukocyten. Ook deze studie heeft aangetoond dat veroudering het gevolg is van een 
vastgesteld, intrinsiek programma.
In Hoofdstuk 4 is gebruik gemaakt van D2 en B6 hematopoietische stamcellen om te bepalen 
of stamcellen van D2 eerder uitgeput zijn en of er een verschil bestaat in het zelfvernieuwingsp
otentiaal van D2 en B6 stamcellen. Voor deze studies hebben we beenmergcellen en gezuiverde 
stamcellen van D2 en B6 getransplanteerd in lethaal bestraalde ontvangers en met behulp van een 
in vitro (celkweek) analyse bepaald hoeveel stamcellen waren getransplanteerd. Voor deze studie 
zijn de D2 en B6 stamcellen niet gemengd, maar zijn alleen D2 of B6 cellen getransplanteerd. Vier 
maanden na deze eerste transplantatie zijn de ontvangers opgeofferd en werd het aantal aanwezige 
stamcellen bepaald. Hierop volgend kon worden berekend hoe vaak de getransplanteerde 
stamcellen hadden gedeeld. Tevens werden weer beenmergcellen en gezuiverde stamcellen van 
de eerste transplantatie doorgetransplanteerd in een tweede groep lethaal bestraalde ontvangers. 
Na vier maanden werd het experiment weer herhaald. Tijdens deze seriële transplantaties staan 
de stamcellen onder hoge druk om te delen, aangezien ze elke vier maanden een nieuwe lethaal 
bestraalde ontvanger moeten voorzien van voldoende stamcellen en uitgerijpte cellen. Het is in 
feite een ware uitputtingsslag voor de stamcellen. Het bleek dat hematopoietische stamcellen 
van D2 muizen minder zelfvernieuwende celdelingen kunnen ondergaan dan stamcellen van 
B6. Het is niet duidelijk waarneembaar of stamcellen van D2 inderdaad sneller uitgeput raakten. 
Wij suggereren dat D2 en B6 stamcellen over verschillende mechanismen beschikken om zowel 
de hoeveelheid stamcellen als ook de hoeveelheid uitgerijpte cellen op peil te houden. Verder 
hebben we onderzocht of veroudering van het hematopoietische systeem ook plaatsvindt tijdens 
het normale verouderingsproces. Hiervoor hebben we jonge en oude B6 muizen herhaaldelijk een 
transplantatie gegeven van jonge stamcellen. Deze ontvangers waren niet bestraald of op andere 
wijze geconditioneerd voor de transplantatie. Het hematopoietische systeem van de ontvangers 
leek helemaal in orde en de dieren zagen er gezond uit. Na herhaaldelijke transplantatie zagen 
we geen bijdrage van de jonge stamcellen in de jonge ontvangers, maar wel degelijk in de oude 
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ontvangers. In deze oude ontvangers namen de jonge getransplanteerde stamcellen de hematopoiese 
gedeeltelijk over. Dit betekent dat ook tijdens de normale levensduur stamcelkwaliteit afneemt.
Aangezien nu is aangetoond dat het verouderingsproces gereguleerd wordt door een intrinsiek 
genetisch programma, zijn we op zoek gegaan naar genen die dit proces kunnen beïnvloeden. 
In Hoofdstuk 5 hebben we het effect van het ontbreken van het eiwit p21 op de snelheid van 
veroudering onderzocht. Het eiwit p21 speelt een belangrijke rol bij de celdeling en werkt als 
een rem op de celdeling. Wanneer de hoeveelheid p21 eiwit toeneemt, stoppen cellen met delen. 
Het idee is dat wanneer stamcellen p21 missen, er een ongeremde celdeling kan ontstaan en de 
stamcellen eerder uitgeput zullen raken. In de literatuur was al omschreven dat muizen waarbij 
het p21 gen ontbrak D2-achtige eigenschappen vertoonden, zoals hoge cyclische activiteit en een 
hoge stamcelfrequentie. Deze studies waren gedaan in een andere muizenstam dan D2 en B6. 
Om te onderzoeken in hoeverre het ontbreken van p21 een rol speelt in de verschillen tussen 
D2 en B6 stamcellen, hebben we B6 muizen gegenereerd waarbij p21 ontbreekt (B6p21-/-). De 
stamcelfrequentie in B6p21-/- muizen lijkt op die van de normale B6 muizen, terwijl de originele 
p21-/- muizen een hogere stamcelfrequentie hebben. Een ander opvallende waarneming was dat, 
terwijl de oorspronkelijke p21-/- stamcellen een verhoogde cyclische activiteit hadden, dit niet 
waarneembaar was in stamcellen van B6p21-/- muizen. Verder zijn in dit experiment B6p21-/- 
stamcellen gemengd met B6p21+/+ stamcellen en gezamenlijk getransplanteerd in verschillende 
verhoudingen in lethaal bestraalde ontvangers. Wanneer de p21 deletie inderdaad zou leiden 
tot versnelde uitputting, kan verwacht worden dat na transplantatie het percentage B6p21-/- 
leukocyten langzaam zal afnemen. Dit was echter niet het geval, we konden geen competitief 
voor- of nadeel vaststellen voor B6p21-/- stamcellen. Het ontbreken van p21 lijkt in B6 muizen, in 
tegenstelling tot de oorspronkelijke p21-/- muizen, geen effect te hebben op de hematopoietische 
stamcellen. Momenteel worden er aanvullende experimenten gedaan, zoals seriële transplantaties 
en behandeling van B6p21-/- muizen met cytostatica om vast te stellen of herhaaldelijke stress wel 
een effect heeft op B6p21-/- stamcellen.
Naast de transplantatiemodellen is ook in vitro (celkweek) het proces van veroudering bestudeerd. 
Voor deze studie, beschreven in Hoofdstuk 6, zijn muis embryonale ﬁbroblasten (MEFs) gebruikt. 
Fibroblasten zijn een veelgebruikt model om het proces van veroudering te bestuderen. Deze cellen 
kunnen een bepaald aantal keren verdubbelen, waarna ze stoppen met delen (senescence). Dit 
wordt wel de Hayﬂick limiet genoemd. In deze studie zijn de verschillen in genexpressie bekeken 
tussen jonge en verouderde ﬁbroblasten. Er werden ongeveer 60 genen gevonden welke hoger tot 
expressie kwamen in jonge cellen dan in verouderde cellen. Eén van de genen die werd gevonden 
was Enhancer of zeste homolog 2 (Ezh2). Dit gen zit in de familie van Polycomb groep genen, 
waarvan van enkele familieleden al was aangetoond dat ze een rol spelen bij het zelfvernieuwings
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potentiaal van hematopoietische stamcellen. Bovendien bleek dat Ezh2 hoog tot expressie kwam in 
hematopoietische stamcellen en dat tijdens differentiatie (uitrijping) de expressie naar beneden ging. 
Vervolgens is Ezh2 tot overexpressie gebracht in ﬁbroblasten en deze cellen bleken in staat om te 
ontsnappen uit senescence, terwijl de controlecellen dit niet deden. Daarnaast hebben we Ezh2 ook 
tot overexpressie gebracht in hematopoietische stamcellen. Deze cellen zijn getransplanteerd in 
lethaal bestraalde ontvangers en vervolgens is naar het effect op veroudering gekeken. In de eerste 
ontvangers leek overexpressie van Ezh2 geen effect te hebben op het hematopoietische systeem. 
Na vier maanden zijn de eerste ontvangers opgeofferd en is een secundaire transplantatie gedaan. 
Twee maanden na deze transplantatie bleek dat overexpressie van Ezh2 zorgt voor een toename in 
stamcelkwaliteit en dat ook de stamcelfrequentie was toegenomen ten opzichte van controlecellen. 
Het bleek zo te zijn dat stamcellen die Ezh2 tot overexpressie brachten minder uitputtingsverschijns
elen lieten zien dan de controlecellen. In de literatuur is vaak beschreven dat EZH2 hoog tot expressie 
komt in leukemische cellen. Opvallend genoeg leidde overexpressie van Ezh2 in hematopoietische 
stamcellen niet tot leukemie. In deze studie zijn tevens potentiële doelgenen of partners van Ezh2 
gevonden in hematopoietische stamcellen. Ezh2 is een gen dat de expressie van andere genen kan 
onderdrukken. De manier waarop Ezh2 dit doet is door verandering van de verpakking van DNA. 
DNA is in de celkern om histon eiwitten gewikkeld (Figuur 2) en is vaak aanwezig in een open 
structuur zodat genen afgelezen kunnen worden (euchromatine). Onder andere Ezh2 is in staat 
om ervoor te zorgen dat de DNA structuur meer compact wordt (heterochromatine). Wanneer dit 
gebeurt komen de genen in gebieden van heterochromatine niet meer tot expressie (inactief). Door 
Ezh2 tot overexpressie te brengen wordt de chromatine structuur veranderd. Het lijkt erop dat 
deze verandering van chromatine structuur door Ezh2 gunstig is voor het verouderingsproces. In 
de controle situatie, waarin na een transplantatie zichtbare veroudering optreedt, komen wellicht 
door het niet intact houden van de chromatine structuur genen tot expressie die normaal niet tot 
expressie komen in stamcellen en differentiatie dan wel veroudering kunnen induceren.
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Kort gedeelte van DNA dubbele helix
“ Kralen aan een ketting” 
vorm van chromatine
30 nm chromatine vezel van 
opeengepakte nucleosomen
Deel van het chromosoom
vergroot weergegeven
Gecondenseerd deel van 
het chromosoom
Een compleet mitotisch chromosoom
Figuur 2. Het onderste deel van het ﬁguur laat één enkel chromosoom zien. Wanneer wordt ingezoomd op een 
deel van het gecondenseerde chromosoom is te zien dat het bestaat uit DNA dat twee maal om een complex van 
histonen is gewikkeld. Deze structuur wordt ook wel een nucleosoom genoemd. Vele nucleosomen bij elkaar 
wordt chromatine genoemd. Chromatine kan heel compact zijn (heterochromatine), waardoor geen genen tot 
expressie kunnen worden gebracht. Wanneer chromatine minder compact is (euchromatine) kunnen genen 
wel tot expressie gebracht. Een goede balans tussen heterochromatine en euchromatine is noodzakelijk om de 
juiste genen voor stamcellen of uitgerijpte cellen tot expressie te brengen. Bron:  Felsenfeld G., Groudine M. 
“Controlling the double helix”. Nature 2003;421:448-453.
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Hoe nu verder?
In dit proefschrift is aangetoond dat het proces van zelfvernieuwing en veroudering van stamcellen 
intrinsiek wordt gereguleerd. Met name de studie beschreven in Hoofdstuk 6 suggereert dat 
de aanwezigheid van heterochromatine een rol speelt om stamcelkwaliteit te behouden tijdens 
veroudering. Volgend onderzoek naar de regulatie van zelfvernieuwing zal zich moeten richten op 
de regulatie van heterochromatine patronen tijdens veroudering en differentiatie. Op deze manier 
kan worden bepaald of tijdens veroudering de heterochromatine structuur verandert. Dit is, met 
alle aanwijzingen die momenteel voorhanden zijn, wel de verwachting. Het is goed voor te stellen 
dat tijdens veroudering en differentiatie de expressie van genen verandert. Dit wordt mogelijk 
veroorzaakt door een veranderende heterochromatine structuur. Het is echter onbekend op welke 
manier de heterochromatine structuur verandert tijdens veroudering. Het kan zijn dat tijdens 
veroudering er een algeheel verlies is van heterochromatine, waardoor genen tot expressie komen 
die niet verenigbaar zijn met het zelfvernieuwende karakter van hematopoietische stamcellen en 
zo veroudering of differentiatie induceren. Een andere mogelijkheid is dat tijdens veroudering en 
differentiatie de totale hoeveelheid heterochromatine constant blijft, maar dat de lokalisatie van 
de heterochromatine gebieden verandert, hetgeen ook resulteert in veranderde genexpressie. Een 
laatste mogelijkheid is dat hematopoietische stamcellen juist weinig heterochromatine bezitten 
en dat alle programma’s, voor zowel zelfvernieuwing als differentiatie, nog open staan. Tijdens 
veroudering en differentiatie neemt de hoeveelheid heterochromatine toe, waardoor minder genen 
tot expressie komen en de genen die tot expressie komen beperken de cellen in hun uiteindelijke 
mogelijkheden. Door beter inzicht te krijgen in deze processen kunnen wellicht stamcellen, 
voorafgaand aan transplantatie, behandeld worden met chemicaliën die de chromatine structuur 
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Twenty years from now you will be more disappointed by the things you didn’t do  
than by the ones you did do. So throw off the bowlines. Sail away from the safe harbor.  
Catch the trade winds in your sails.  
Explore.  
Dream.  
Discover. 
Mark Twain
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